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SUMMARY 

The'^fifth  semi-annual  technical  reports  are  collected  from  three  subcontractors  of  an 
APPA-sponsored  program  to  study  the  very  low-temperature  properties  of  structural  materials 
li  support  of  the  development  of  superconducting  machinery.  Tb-  program  is  outlined  and 
new  research  results  are  reported.  Low-temperature  results  are  given  for  the  following 
properties:  elastic,  tensile,  fatigue  and  fracture,  thermal  expansion,  specific  heat, 

thermal  and  magneto  thermal  conductivity,  electrical  and  magnetic.  Effects  of  processing 
and  fabrication  are  also  considered  for  some  properties;  weld  and  braze-jolnt  properties 
are  Included.  Tensile  and  compressive  properties  at  K of  selected  composite  materials 
are  presented. 
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INTRODUCTION 


This  report  contains  results  of  a research  program  designed  to  fill  the  need  for  mate- 
rials properties  data  to  facilitate  design  and  development  of  superconducting  machinery. 

The  program  was  conceived  and  developed  jointly  by  the  staffs  of  the  Materials  Science 
Group  at  the  Advanced  Research  Projects  Agency  and  the  Cryogenics  Division  of  the  National 
Bureau  of  Standards.  This  ARPA  - sponsored  program  on  "Materials  Research  In  Suppo’ t of 
Superconducting  Machinery"  Is  managed  by  NBS,  with  subcontracts  to  two  other  laboratories. 

PROGRAM  DESCRIPTION 

The  program's  objectives  are:  (1)  to  evaluate  candidate  structural  materials  for  use 

In  superconducting  electrical  machinery  by  determining  their  mechanical  and  physical  pro- 
perties between  4 and  300  K and  the  effects  of  processing  and  joining  on  these  properties: 
(2)  to  explor  : new  materials,  such  as  composites,  for  potential  Innovative  design  applica- 
tions by  performing  screening  tests  on  their  low-temperature  properties;  (3)  to  assist 
the  Information  transfer  of  the  available  low-temperature  properties  data  Into  design  use 
' y compiling  and  publishing  existing  data;  and  (4)  to  assess  which  materials  and  properties 
need  further  study. 

The  third-year  program  plan  to  meet  these  objectives  is  shown  in  Tables  2 and  3.  The 
research  efforts  at  three  research  laboratories  are  described  briefly  in  Table  2.  As 
shown  in  the  Tables,  the  major  thrust  has  been  fatigue  and  fracture  measurements  at  low 
temperatures  where  virtually  no  data  have  existed  previously.  Major  material  categories 
Include;  structural  alloys,  composites,  ferromagnetic  alloys,  and  high-strength  high- 
conductlvity  alloys. 

Two  workshops  were  held,  and  a third  Is  planned  for  Vail,  Colorado,  April  5-7,  1976. 
These  workshops  have  brought  together  research  personnel  Department  of  Defense  project 
staff  members.  Design-materials  Interfacing  problems  were  discussed  and  emphasis  was 
placed  on  meeting  Department  of  Defense  materials  needs. 

A major  new  materials  conference,  the  International  Cryogenic  Materials  Conference, 
was  held  at  Kingston,  Ontario,  In  July,  1975.  Over  60  technical  papers  (14  from  this 
program)  were  presented  and  the  proceedings  will  appear  as  a bound  volume. 
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Itible  2,  Outline  oi  i'hird-Year  ARl’A-Sponsorecl  Program  on 
Mater'fiils  Research  for  SiiporconcJiictlng  Maclilnery 


Program  Area 


A.  Muciianlcal  Properties 

L.  Fracture  and  Fatigue 


Organization 


NBS, Cryogenics 


Westinghouse 


effects  ol  Processing  and  Joining 
a.  Processing  Westinghouse 


Join  Lug 


Westinghouse 


Elastic  I'roperlic! 


NBS, Cryogenics 


Program  Description 


Fracture  toughness,  fatigue 
crack-growtii  rate,  fatigue 
sustained-load  crack-growth 
rate  tests  from  4-300  K on 
structural  alloys, 
effects  of  stress  level  and 
frequency. 

Mechanical,  magnetic, 
electrical  loss  characteriza- 
tion of  alloys  proposed  for  use 
in  DOD-sponsored  programs. 
Mechanical  tests  include  ten- 
sile, fracture  toughness, 
fatigue . 


Identification  of  effects  of 
fabrication  and  processing 
techniques  on  mechanical 
properties  of  selected  alloys. 
Variables  include  Industrial 
melting  practices,  powder 
metallurgy  techniques,  cold 
working,  grain  size,  and 
fnlioiiiogeiif  1 ties , 

Mechanical  properties  of 
fabricated  metal  Joints, 
including  welding  (GTAW,  EB, 
GMAW) , brazing,  and  soldering 
from  4-300  K.  Properties 
include  tensile,  nutciied  tensile 
fracture  toughness,  and  fatigue 
crack  growth  rate  in  the  fused 
and  heat  affected  zones  and 
the  base  metal . 

Young's  shear,  bulk  moduli.; 
Poisson's  ratio;  dvnamic  tests; 
1-300  K;  structural  alloys  and 
composite  materials. 
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Program  Area 


B.  Thermal  Properties 

4.  Thermal  Expansion, 
Specific  Heat 


Organization 


Battelle 


5.  Thermal-Magnetothermal 

Conductivity  NBS, Cryogenics 


C.  Composites 

6.  Evaluation  of  Advanced 

Composites  NBS, Cryogenics 


D.  Data  Compilation  and  Evaluation 
7 . Handbook 


Battelle 


8. 


Workshop  Meeting 


NBS, Cryogenics 


Program  Description 


Thermal  expansion  and 
specific  heat  measurements 
on  selected  insulations  and 
structural  alloys  and  com- 
posites. 


Thermal  conductivity  ana 
thermal  conductivity  in 
magnetic  fields  up  to  50 
kllogauss  from  4-300  K of 
structural  alloys  and  com 
posltes. 


Screening  tests  (tensile,  fatigue 
at  4 K)  on  selected  candidate 
metal  and  non-metal  base 
composites,  including  B-epoxy, 
C-epoxy  and  polyimlde,  PRD 
49-epoxy,  borslc-Al,  steel-Al. 


Publication  of  Handbook 
containing  recommended  best 
value  data  and  complete  set 
of  references  for  over  80 
additional  materials  (structural 
alloys,  superconductors,  electri- 
cal materials,  and  polymers). 

Data  presented  in  graphical  and 
tabular  formats;  mechanical, 
thermal,  electromagnetic  pro- 
perties from  0-300  K. 

Organization  of  meeting  for 
mutual  data  sharing  and  inter- 
action with  service  agencies  and 
ttieir  contractors. 


# 


3 


■'  i—iirr'-TTn'T  '-ii  'i!-- 


HIGHLIGHTS  OF  RESULTS 


A general  overview  of  the  program  is  best  obtained  by  examining  the  individual  tech- 
nical reports  contained  herein,  A summary  of  materials  studied  during  the  third  year  of 
the  program  is  given  in  table  3.  The  major  technical  accomplishments  to  date  are  briefly 
as  follows: 

The  Handbook  on  Materials  for  Superconducting  Machinery  was  published  in  1974.  The 
second  edition  of  the  Handbook  was  published  in  December  of  1975.  It  included  approximately 
eighty  materials  and  approximately  thirty  mechanical  and  physical  properties. 

A variety  of  mechanical  properties  have  been  studied  for  six  different  composite 
materials  at  low  temperatures. 

Thermal  expansion  data  at  low-temperatures  have  now  been  obtained  for  about  thirty 

materials,  and  low-temperature  specific  heats  have  been  obtained  for  eight  materials. 

Elastic  constants  at  low-temperatures  have  been  determined  for  about  thirty  engineering 
alloys  and  a composite. 

Magneto  thermal  conductivities,  Including  thermal  conductivities  have  been  measured  at 
low  temperatures  for  ten  materials, and  the  electrical  conductivities  of  some  of  these 
materials  have  also  been  measured. 

Thermal  conductivity  measurements  on  six  additional  structural  materials,  including 
a boron-epoxy  composite,  have  also  been  made. 

Fatlgure-crack  growth-rate  data  and  fracture  toughness  data  have  been  determined  for 
about  twenty-five  Important  structural  alloys  and  weldments.  Also,  conventional  fatigue 
data  were  obtained  for  five  alloys.  For  most  of  these  materials,  the  usual  tensile  proper- 
ties— elongation,  reduction  in  area,  yield  strength  and  ultimate  strength  — were  also 
obtained. 

A new  major  materia]  conference,  the  International  Cryogenic  Materials  Conference 
(ICMC)  was  held  In  Kingston,  Ontario  during  July,  1975.  Over  sixty  contributed  papers 
were  presented  at  the  conference,  and  these  will  appear  in  a forthcoming  book. 

To  facilitate  information  exchange,  expeclally  between  researchers  and  designers, 
a third  workshop  will  be  held  in  Vail,  Colorado  in  April,  1976. 


HANDBOOK 


Oni-  of  the  Important  outputs  of  this  program  is  the  Handbook.  In  one  volume,  it  col- 
lects information,  including  data  generated  by  this  program,  on  the  low-temperature  proper- 
ties of  structural  materials  of  possible  use  in  superconducting  machinery.  The  Handbook 
project  is  directed  by  K.  R.  Hanby  at  Battelle  (Columbus  Laboratories).  It  presents  in 
loose-leaf  format  the  mechanical,  elastic,  thermal,  electrical,  and  magnetic  properties 
of  materials  for  superconducting  machinery.  Best-value  data  are  presented  either  graph- 
ically and/or  tabuiarly  together  with  original  data  and  test  conditions.  It  contains  data  on 
about  seventy  metals,  alloys,  and  polymers  in  various  conditions:  and  it  contains  about 
lOOO  references  to  the  experimental  literature.  The  principal  reference  sources  were  the 
Materials  and  Ceramics  Information  Center  (MCIC) , tlie  Defense  Documentation  Center  (DDC) , 

and  the  Cryogenic  Information  Center  (OIC) . 

Handbooks  can  be  ordered  from  the  National  Technical  Information  Service  (NTIS) , 

Operation  Division,  Springfield,  Virginia  22151  by  reques  Ing:  Handbook  on  Materials  for 

Superconducting  Machinery  (November  1974)  MCIC  - HB  - 04  and  its  supplements. 
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FOREWORD 


Tius  research  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  Department 
of  Defense  with  Dr.  Edward  C.  VanReuth  as  Project  Monitor.  The  handbook  preparation  task 
was  subcontracted  to  Battelle-Columbus  by  the  Cryogenics  Division,  National  Bureau  of 
Standards  under  Contract  No.  CST-8303  with  Dr.  Richard  P.  Reed  as  Program  Manager  and 
Contract  Monitor. 

The  research  described  in  this  report  was  carried  out  under  ARPA  Order  No.  2569  and 
Program  Code  4D10  by  the  Metals  and  Ceramics  Information  Center  (MCIC)  with  K.  R.  Hanby 
(614,  424-6424,  E.xtension  1784)  as  the  Program  Coordinator,  and  K.  E.  Wilkes  (614,  424-6424, 

Extension  3489),  and  J.  K.  Thompson  (614,  424-6424,  Extension  2612)  as  Principal  Investiga- 
tors. Contract  No.  CST-8303  includes  two  tasks.  Task  I of  the  current  program  provides  for 
a compilation  of  low-temperature  property  data  on  an  expanded  series  of  selected  materials  for 
stmctural  applications  in  superconducting  machinery.  These  data  compilations  will  be  produced 
as  the  second  Revision  of  the  “Handbook  on  Materials  for  Superconducting  Machinery”. 

Task  II  provides  for  determination  of  thermal  expansion  and  specific  heat  values  at  cryogenic 


temperatures  for  selected  structural  alloys.  The  Semiannual  Technical  Report  on  ' .e  latter 
program  is  presented  under  separate  cover.  Overall  contract  funding  was  S90,000  with 
S60.000  for  the  handbook  program  and  S30.000  for  tiie  laboratory  sUidy.  The  effective 
date  of  the  current  contract  period  was  September  10,  1975.  and  the  contract  expiration  date 
November  15,  1976. 

DISCLAIMER 


The  views  and  conclusions  contained  in  this  document  are  those  of  the  authors  and 
should  not  be  interpreted  as  necessarily  representing  the  official  policies,  either  expressed  or 
implied,  of  the  .Advanced  Research  Projects  .Agency  or  the  U.  S.  Government. 


PREPARATION  OF  A HANDBOOK  ON  MECHANICAL,  THERMAL,  ELECTRICAL,  AND 
MAGNETIC  PROPERTIES  OF  M.'vTERlALS  FOR  SUPERCONDUCTING  MACHINERY 

INTRODUCTION 

This  report  describes  the  task  of  preparing  the  second  revision  (for  producing  the 
third  edition)  of  the  handbook  and  the  progress  made  to  date  on  that  task.  The  end  product 
of  this  task  is  a series  of  new  or  modified  pages  which,  added  to  or  replacing  existing 
pages  in  the  second  edition,  will  produce  an  up-to-date  handbook  covering  the  materials 
scope  shown  in  Table  1.  Preparation  of  a first  draft  of  those  pages  is  scheduled  for 
September  1976,  and  the  published  version,  to  be  distributed  by  MClC,  is  expected  to  be 
available  by  November  15,  1976. 


SUMMARY 

The  specific  properties  that  are  included  in  the  handbook  are  listed  in  Table  2. 
Data  covering  all  of  the  properties  in  Table  2 are  being  sought  for  all  of  the  materials 
of  Table  1.  The  search  for  data  includes  all  forms  of  the  materials,  including  sheet, 
plate,  forgings,  extrusions,  bar,  rod,  and  weldments.  All  conditions  of  heat  treatment 
are  included.  The  types  of  sources  that  are  being  exploited  are  listed  in  Table  3. 

Table  4 indicates  the  information  centers  and  indexing  and  abstracting  services  that  are 
being  used  in  attempts  to  retrieve  pertinent  data.  In  addition,  the  reference  lists  in 
dll  documents  screened  on  this  project,  including  those  accessioned  during  previous 
contract  periods,  are  being  exploited  systematically  to  maximize  the  recovery  ot  data. 


QUALITY  CONTROL 

The  all-source  search  is  turning  up  data  of  varying  reliability  with  respect  to 
precision,  accuracy,  pertinence,  and  validity.  For  convenience,  each  document  screened 
on  this  project  is  evaluated  and  put  into  one  of  the  three  categories  listed  in  Table  5. 


Quality  is  being  maintained  initially  by  using  only  data  from  Category  1 sources.  After 
Category  I sources  have  all  been  exhausted,  remaining  mformation  gaps  will  be  tilled 
insofar  as  possible  with  data  from  Category  II  sources  (including  handbooks).  The 
latter  will  identified  explicitly  in  the  handbook  as  lower  quality  data.  Throughcnt, 
great  pains  are  being  taken  to  insure  that  primarily  original  data  are  used  in  the  hand- 
book. Average  values  are  taken  in  lieu  of  original  data  only  when  there  is  reasonable 
assurance  that  the  values  are  not  based  on  original  data  which  are  already  incorporated. 
When  average  values  are  used,  they  are  weighted  commensurate  with  the  number  of 
specimens  each  represents. 


NEW  FORMATS 

The  second  revision  of  the  handbooK  contains  data  on  two  types  of  material  or 
component  requiring  small  modifications  of  format  — composite  materials  and  weldments. 

The  format  for  presenting  mechanical  properties  of  composite  materials  was 
devised  by  Dr.  M.  B.  Kasen  of  NBS  - Boulder,  who  is  responsible  for  the  data  search 
and  presentation  on  composite  materials  for  the  current  contract  period.  The  heading 
for  the  composites  format  includes: 

Composite  Class  — - fiber  and  matrix  material  classes,  such  as  Glass-Epoxy,  Boron-Alummum, 
etc. 

Type  — specific  fiber  and  matrix  materials 
Layup 

Fiber  — - particulars,  including  brand  names 
Matrix  — essentially  as  given  in  type. 

Nominal  fiber  volume  fraction 
Nominal  ply  thickness 
Nominal  density 

Comments  — includes  condition  for  metal  matrix  composites. 


) 


The  formate  for  presenting  the  properties  of  composites  covered  is  similar  to 
that  for  the  monolithic  materials,  with  the  tollowing  modifications. 

• Tensile  proportional  limit  replaces  yield  stress 

• Two  moduli  are  included  for  each  fiber  orientation  (Ej  and  E2) 

• Stress  level  at  which  modulus  changes  from  E\  to  E2  is  given 

• Compressive,  impact,  thermal,  and  electrical  properties  for  sheet  normal  are 

are  included 

« Shear  properties  are  given  for  both  in-plane  and  interlaminar  cases. 

Data  for  weldments  can  be  accommodated  by  the  edsting  format;  however,  a few 

additional  parameters  must  be  specified  over  those  required  for  parent  metal  only.  Type 

of  weld  (TIG,  MIG,  electron  beam)  and  filler  material,  if  any,  are  specified  on  the  line 

for  “Form”,  in  addition  to  the  usual  indication  of  sheet,  plate,  etc.  “Thickness”, 

specified  on  the  next  line,  refers  then  to  that  of  the  plate,  sheet,  or  bar  from  which  the 

weldment  is  made.  On  the  line  for  “Condition”,  the  temper  of  the  sheet,  plate  or  bar 

prior  to  welding  is  given.  In  addition,  the  condition  of  the  test  specimen,  “as  welded”,  or 

specifications  of  postweld  heat  treatment,  are  given.  Finally,  to  the  far  right  ot  the  same 

line,  the  orientation  of  the  weld  on  the  specimen  is  given: 

weld 


I 


i lA. 


1'  ' -d 


- weld 


Transverse 


-1  I 


! 

• 

■ -i  I 


' 1 


Longitudinal 


All  weld  metal 
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For  the  transverse  weld  orientation  only,  the  data  in  the  table  will  be  given  for  one  or 
more  of  the  following  grain  orientations: 


icii; 

V'l 

i'u,i 

1 1'l  i' 

weld 

weld  

v'l|! 

Transverse  Longitudinal  Longitudinal  to 

Transverse 


For  the  other  two  weld  orientations,  the  grain  orientation  is  not  of  significance,  and 
the  “longituduial”  section  of  the  tensile  data  format  will  be  used. 

PROGRESS 

All  of  the  documents  already  accessioned  for  this  program  during  previous  contract 
periods  have  been  re-examined  for  data  applicable  to  the  present  contract  period.  Reference 
lists  in  them  have  exploited  systematically,  new  sources  identified,  and  documents  ordered. 
Many  of  the  items  cited  previously  in  the  bibliography  have,  on  re-examination,  been 
rejected.  Secondary  data  have  been  identified  for  possible  later  use  in  filling  gaps. 

Computer  printouts  from  previous  searches  are  being  looked  at  again  in  light  of 
known  information  gaps,  and  some  items  previously  rejected  are  being  retrieved.  A 
computer  run  has  been  completed  by  NBS-Cryogenic  Data  Center  covering  update  of 
searches  on  materials  previously  in  the  scope  and  comprehensive  searches  for  data  on 
the  materials  added  this  contract  period. 


i 

,t 
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The  following  handbooks,  or  data  collections,  have  been  examined,  and  secondary 

data  useful  for  filling  gaps  identified: 

Cryogenic  Materials  Handbook  - Aug.  1968 
Damage  Tolerant  Design  Handbook  (MCIC) 

Alloy  718  Processes  and  Properties  Handbook  (DMIC) 

DMIC  Data  Sheets 

Structural  Alloys  Handbook  (MPDC) 

Aerospace  Structural  Alloys  Handbook  (MPDC) 

NBS  Monograph  i3  (1960) 

The  latest  semiannual  report  for  this  program  has  been  examined,  and  pertinent  data 
extracted. 

Presently,  the  process  of  evaluating  data  tentatively  selected  for  incorporation  in 
the  third  edition  by  careful  comparison  with  data  already  in  the  handbook  is  underway. 
A few  data  sheets  for  actual  inclusion  have  been  completed. 

Dr.  Kasen  has  already  completed  and  forwarded  to  Battelle  data  sheets  for  incor- 
poration in  the  handbook  covering  eight  specific  composite  types,  as  follows: 


Class 

Glass  - Epoxy 
Glass  - Epoxy 
Glass  - Epoxy 
Boron  - Epoxy 
Boron  - Epoxy 
Graphite  - Epoxy 
Graphite  - Epoxy 
Boron  - Aluminum 


Type 

181/Epon  828(CL) 
1581/E-787  (58-68R) 
S-901/NASA  Resin  2 
4.0  mil  Boron/2387 
5.6  mil  Boron/2387 
AS/NASA  Resin  2 
HT-S/X-904 
5.6  mil  Boron;  6061 


HANDBOOK  ON  MATERIALS  FOR  SUPERCONDUCTING  MACHINERY- 

3rd  Edition  (2nd  Revision) 


TABLE  1.  MATERIALS  SCOPE 


Aluminum  and  Magnesium  Alloys 

99.9%  aluminum 
E C aluminum 
1050 
1100 
2014 
2024 
2219 
5083 
5456 
6061 

7005 

7006 
7039 

AZ31B 

Copper  and  Copper  Alloys 
99,96%  Cu 

Electrolytic  tough  pitch 
OFHC 

Phosphorized 

90Cu-10Zn 
80Cu-20Zn 
70Cu-30Zn 
90Cu-10Ni 
80Cu-20Ni 
70Cu-30Ni 
Cu-Be  (1.6-1. 8) 

Cu-Be  (1. 8-2.0) 

95Cu-5Sn 

92Cu-8Sn 

90Cu-10Sn 

Cu-0.2Zr  (Amzirc) 

Cu-0.4Cr-0.4Cd  (PD-135) 

Cu  + O.2AHO3 

Cu  + O.7AI2O3 

Cu  + I.IAI2O3 

Aluminum  Bronze 


Nickel  and  Cobalt  and  Their  Alloys 

High  purity  nickel 
Nickel  “A” 

K Monel 
Inconel  600 
Inconel  X-750 
Alloy  718 
Inconel  706 
Invar  36 
Ni-Span  C 

unnamed  Inco  LEA  alloy 

Steels  and  Iron  Alloys 

3Ni  Steel 
5Ni  Steel 
9Ni  Steel 

18Ni  (200)  Maraging  Steel 
Transformer  Steel 
1010  Steel 
Armco  Iron 
Fe(47-50)-Ni 

Stainless  Steels 

AlSl  301 
AISl  303 
AISI  304 
AISI  304L 
AISI  310 
AISI  31  OS 
AISI  316 
AISI  321 
AISI  347 
AISI  410 
AISI  416 
A-286 
Kromarc-58 
Armco  21-6-9 
Armco  22-13-5 
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Ti-65A 

Ti-75A 

Ti-5Al-2.5Sn 

Ti-5Al-2.5Sn  (ELI) 

TI-6A1-4V 

TI-6A1-4V  (ELI) 

Special  Metals  and  Alloys 


Niobium 

Nb3Sn 

Nb-Zr  alloys 

Nb-Ti  alloys 

Nb-Ti+Cu  composites 

VsGa 


Glass/Epoxy 
Boron/Epxoy 
Graphite/Epoxy 
Boron/ Aluminum 

Polymers 


Polyethylene 

Polychlorotrifluoroetliylene 

Polytetrafluoroethylene 

Polymethylmethacrylate 

Polystyrene 

Polyvinylacetate 


TABLE  2.  PROPERTY  SCOPE 


Mechanical  Properties 


Tensile 

Ultimate,  yield,  elongation,  reduction  in  area 
Elastic  modulus,  Poisson’s  ratio 
Notch  tensile  strength 

Compressive 

Ultimate,  yield 
Elastic  modulus 


Shear 

Ultimate 
Shear  modulus 


Impact 

Charpy  V-Notch 
Izod  (polymers  only) 

Fracture  Toughness 
Klc.  Kie,  Jic 

Fatigue  (Axial  and  Flexure) 
S-N  Curves 
da/dN  Curves 


Flexure 

Ultimate,  yield 
Elastic  moduli 


polymers  only 


Thermal  and  Electrical  Properties 


Thermal  Conductivity 
Magnetothermal  Conductivity 
Thermal  Expansion 
Specific  Heat 
Electrical  Resistivity 

Magnetic  Properties 

Susceptibility 

Permeability 


TABLE  3.  SOURCES  OF  DATA 


Reports  ot  Government-sponsored  R&D 

(including  semiannual  reports  of  this  ARPA  contract) 


Open  published  literature 

(including  handbooKs,  state-of-the-art  reports,  and  conference 
proceedings) 


Private  communication 


TABLE  4.  ACCESS  TO  DATA 


Information  Centers 

NBS  Cryogenic  Information  Center 

Metals  and  Ceramics  Information  Center  (MClC) 

Defense  Documentation  Center  (DDC) 

Thermoplysical  and  Electronic  Properties  Information 
Analysis  Center  (TEPIAC) 

Copper  Data  Center 

Iron  Information  Center 

Plastics  Technical  Evaluation  Center  (Plastec) 

Mechanical  Properties  Data  Center  (MPDC) 


Indexing  and  Abstracting  Services 
Chemical  Abstracts 

Metallurgical  Abstracts  Machine  searchable 
Engineering  Index  / through  MCIC 
Nuclear  Abstracts 


TABLE  5.  CATEGORIES  OF  SOURCE  DOCUMENTS 


Criterion 

Precision 

Accuracy 

Pertinence 

Validity 


I  contains  data  that  meet  precision,  accuracy,  pertinence, 
and  validity  criteria  as  specified  below 

II  a review  (HR);  or  contains  data  not  meeting  the 
criteria  as  specified  for  category  I - (IID) 

111  contains  no  pertinent  data  — reject 


Category  I 

Tabular  data  on  properties  other  than 
fatigue  and  graphical  S/N  or  da/dN 
data 

Data  for  which  form,  condition,  speci- 
men thickness  and  number  of  specimens 
per  value  are  given 

All  tabular  data  for  room  temperature 
and  below,  where  lowest  test  tempera- 
ture was  77  K or  below.  Data  from 
references  not  older  than  1950 

Valid  Kic  data.  data  based  on 
compact  specimens 


Category  II 

Graphical  data  (except  fatigue 
data) 

Data  for  which  any  of  the  param- 
eters required  for  Category  I are 
not  specified* 

^ sjc 


Invalid  Kjc  data.  data  based 
on  other  than  compact  specimens 


■This  criterion  is  not  inviolate.  It  has  been  overlooKed  occasionally  for  mechanical 
properties  and  regularly  for  thermal  and  magnetic  properties  data, 

■References  containing  no  data  for  temperaUires  below  77  K and  pre-1950  refer- 
ences are  put  in  Category  III  — reject. 
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FOREWORD 


This  research  was  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense  and  was  monitored  by  the  Cryogenics 
Division,  National  Bureau  of  Standards  under  Contract  No.  CST-8303. 

Dr.  Richard  P.  Reed  serves  as  Program  Manager  and  Contract  Monitor. 

The  research  was  carried  out  under  ARPA  Order  No.  2569  and 
Program  Code  4D10  by  the  Materials  Technology  and  Metal  Science  Sections 
of  Battelle-Columbus  Laboratories  with  F.  J.  Jelinek  (614-424-6424,  Extension 
1735)  and  E.  W.  Collings  (614-424-6424,  Extension  1664)  as  Principal 
Investigators.  Contract  CST-8303,  under  the  overall  coordination  of  K.  R. 
Hanby,  covers  both  the  handbook  program  and  the  property  measurement  program. 
Only  the  property  measurement  program  is  presented  here.  Effective  date  of 
the  contract  was  September  10,  1975,  and  the  contract  expiration  date  is 
September  10,  1976. 


DISCLAIMER 


The  views  and  conclusions  contained  in  this  document  are  those 
of  the  authors  and  should  not  be  interpreted  as  necessarily  representing 
the  official  policies,  either  expressed  or  implied,  of  the  Advanced 
Research  Projects  Agency  or  the  U.S.  Government. 


TECHNICAL  REPORT  SUMMARY 


The  development  of  superconducting  electrical  machinery  requires 
the  suitable  engineering  property  characterization  of  all  candidate  materials 
at  cryogenic  temperatures.  This  program  involves  the  determination  of 
thermal  expansion  and  specific  heat  for  several  structural  materials  in  the 
cryogenic  temperature  region  (4.2  to  300  K). 

Materials  selected  for  this  study  period  were  supplied  through 
the  cooperation  of  Westinghouse  R&D  and  the  National  Bureau  of  Standards. 
Additional  materials  were  secured  from  within  Battelle-Golumbus  Laboratories 
or  purchased  from  an  appropriate  vendor.  All  materials  are  appropriately 
labeled  in  the  text  of  the  report. 

Thermal  expansion  measurements  were  performed  utilizing  a fused 
silica  dilatometer  with  a linear  differential  transducer  as  the  dilatometer 
head.  The  accuracy  of  the  measurement  is  1 percent.  Specific  heat  at  low 
temperatures  is  measured  to  1 percent  by  adiabatic  calorimetry  from  a method 
developed  by  Nemst.  In  this  method,  small  increments  of  heat  are  supplied 
to  a thermally  insulated  sample,  and  the  accompanying  temperature  increase 
is  measured. 

In  this  reporting  period,  thermal  expansion  characteristics  of  eight 
materials  were  determined  in  the  temperature  range  77  to  300  K.  The 
specific  heats  of  two  new  materials  were  also  measured. 


PROGRAM  PROGRESS 


FiRI  I.  THERMAL  EXPANSION 


Introduction 


Low -temperature  thermal  expansion  results  are  reported  for 
eight  materials  in  the  temperature  range  77  to  300  K.  The  technique  used 
to  perform  the  measurements  was  a fused  silica  dilatometer  which  has  been 
previous ly  described . 

In  addition  to  the  two  materials  furnished  by  Westinghouse  for 
this  study,  we  have  included  four  composite  materials  furnished  by  NBS  and 
two  alloys  supplied  by  Battelle-Golumbus  Laboratories.  Table  1 lists  these 
materials  with  a brief  description  and/or  heat  treatment  rsed. 
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TABLE  1.  LIST  OF  THERMAL  EXPANSION  SPECIMENS 
INCLUDED  IN  THIS  REPORT 


COMPOSITES 


5.6  Mil  Boron/5505  Epoxy 
Type  "AS"  Graphite/NASA  Resin  2 
5.6  Mil  Boron/6061  Aluminum 
S-901  Glass  (20  End)/NASA  Resin  2 


Fiber  Vol.  Frac.  50  % 
Fiber  Vol.  Frac.  60  % 
606 1-F  Temper 
Fiber  Vol.  Frac.  60  % 


ALLOYS 


NITRONIG  33 
NITRONIC  33 
T1-6A1-4V 


ST/FC 


ANNEALED 


Data  Presentation 


The  results  reported  in  this  work  are  shown  as  percent  contraction 
versus  temperature  (K)  with  all  data  normalized  at  t;he  ice  point  (273  K). 

Figures  1 through  8 illustrate  the  initial  results  in  graphic 
form.  The  results  in  the  liquid  helium  range  have  been  completed,  but 
were  not  available  for  inclusion  in  this  report.  The  complete  data  in 
tabular  and  graphic  form  will  be  presented  in  the  final  semiannual  report 
in  October,  1976. 


II  j*  r 
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• Longitudinal 
o Transverse 


FIGURE  1.  thermal  EX?ANSI0N"BEHAVI0R’ 0F'576“MIL~B0R0N 
5505  EPOXY,  NOMINAL  FIBER  VOLUME  -FRACTION 
ABOUT  50  % 
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Least-Squares  Fitting  of  Low-Temperature 
Specific  Heat  Data 

The  lattice  specific  heat  of  solids  at  low  teniperature  generally 
f goes  as  T^.  With  metals,  an  additional  term,  proportional  to  T,  is  lmpor<-ant 

f at  low  temperatures.  Thus,  to  a first  approximation,  the  low-temperature 

specific  heat  of  metals  is  usually  written 

3 

G * YT  + gT 

In  fitting  the  experimental  data,  however,  improvements  of  fit  have  been 
obtained  by  extending  the  above  equation  as  a Taylor  expansion  in  odd  powers 
of  T.  Care  must  be  used  in  carrying  out  such  a procedure  since,  although 
the  fit  may  get  better  with  the  addition  of  more  and  more  terms,  their 
physical  significances  tend  to  become  obscured  as  the  goodness  of  fit  exceeds 
the  precision  of  the  experimental  data.  For  example,  we  have  noted  for 
stainless  steel  data  that  fits  out  to  T^  and  T^  have  resulted  in  negative 

values  of  0 and  consequently,  0^. 

There  seems  no  a priori  reason  why  an  odd-power  expansion  should 
be  selected  over  an  expansion  in  both  odd  and  even  powers  of  T.  Accordingly, 
for  a metallic  sample  we  experimented  with  both  odd -power  and  odd-and-even 
power  fits  to  the  specific  heat  data.  The  results  of  this  procedure  are 
summarized  in  Table  2.  Inspection  of  Table  2 reveals  the  competition 
between  terms  that  occur  as  the  expansion  is  carried  out  to  higher  and  higher 
powers  of  T.  When  both  odd  and  even  powers  of  T are  used,  large  positive  and 
negative  coefficients  are  generated.  Using  the  terms  in  T and  T as  references, 
we  notice  large  variations  in  the  coefficients  occurring  until  the  odd-power 
expansion  to  T^  is  reached.  At  this  point  it  seems  that  the  odd-power,  four- 
term  expansion  merely  serves  as  a correction  to  the  simple  two-term  expression. 
As  sources  of  y and  9^  either  the  two-term  or  the  four-term  odd-power  expansion 

could  be  used  in  this  particular  case. 

In  analyzing  the  data  each  alloy  class  is  treated  individually  and  the 

decision  on  the  number  of  terms  to  be  used  is  made  on  the  basis  of  goodness  of 

fit  and  physical  reality. 
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Low  Temperature  Specific  Heat  of 
Metallic  Alloys 
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Ir.  October,  1975,  we  reported  on  the  low  temperature  specific 
heats  of  the  following  alloys,  fitting  the  results  to  a three-term 
expression  of  the  form  C = A + yT  + 3T3. 

Inconel  X750  HIP 
Inconel  X750  HIP  STDA 
Inconel  X706  VIM-VAR  ST 
Inconel  X706  VIM-VAR  STDA 
Inconel  X760  VIM-EFR  ST 

During  the  current  reporting  period  we  added  ona  more  alloy  to  this  list 
(Inconel  X706  VIM-EFR  STDA)  and  with  the  aid  of  the  published  chemical 
compositions  shown  in  Table  3 (Westinghouse  contribution  to  NBS-ARPA 
reports,  I and  IV),  have  calculated  average  molar  v/eights  and  hence  Debye 
temperatures  (from  the  measured  lattice  specific  heats)  for  all  the  above 
alloys. 

The  complete  set  of  low  temperature  specific  heat  coefficient 
data  are  listed  in  Table  4,  while  specific  heat  values  fitted  to  a set  of 
selected  temperatures  are  listed  in  Table  5 (in  the  4-20  K range) . 


Low-Temperature  Specific  Heat  of 
A Glass-Epoxy  Composite 

The  specimen  studied  here  was  a sample  of  a glass-epoxy  potting 
material  used  in  the  fabrication  of  an  assembly  of  multifilamentary  Nb-Ti-Cu 
wires.  The  assembled  superconductive  bus  is  used  in  the  Navy  superconducting 
motor. 

The  experimental  data  were  fitted  to  numerous  polynominal  expansions 
after  which  it  was  decided  that  the  four-term  expression 


gave  the  best  description.  The  values  of  the  polynominal  coefficients  are 
listed  in  Table  6.  It  is  necessary  to  use  the  two  columns  presented  because 
of  the  higher  precision  of  the  data  above  10  K in  this  case. 


As  indicated  in  Table  6 the  quadratic  term  is  dominant.  Usually 
this  term  is  absent  in  the  expression  for  specific  heat  of  a solid,  as 
dictated  by  the  physics  of  the  three-dimensional  model.  The  presence  of 
a dominant  quadratic  term  indicates  the  presence  of  two-dimensional,  rather 
than  three-dimensional,  arrays  of  atomic  oscillators.  It  would  be 
interesting  to  correlate  this  observation  with  further  research  into  the 
chemical  physics  of  polymers  such  as  epoxy  resins. 

Table  7 is  a list  of  fitted  specific  heat  values  for  a 
sample  of  fiberglass  reinforced  resin  at  a set  of  selected  temperatures. 


TABLE  7.  LOW-TEMPEEATURE  SPECIFIC  HEAT  OF  A GLASS -EPOXY 
COMPOSITE  AT  SPECIFIED  TEMPERATURES 


Specific  Heat  of  A Boron  Reinrorced 
Alumimin  Composite 

Low-Temperature  Specific  Heac 

Low-temperature  specific  heat  data  for  a boron-reinforced  aluminum 
composite  were  fitted  to  the  following  expressions 

G * 

and  C * ci^T  + ■**  ^5'^  “7"^ 

The  results  of  so  doing,  expressed  in  terms  of  the  regression  coefficients, 
are  summarized  in  Table  8.  Finally,  in  Table  9>  presented  lists 
of  actual  specific  heat  values  fitted  at  selected  temperatures  in  the  range 
4.0  to  20.0  K.  The  four-term  expression  gives  a better  fit  to  the  data  (as 
ijidicated  by  the  standard  deviations  listed)  but  no  appreciable  change 
(about  1-27.)  in  the  fitted  specific  heft  values, 

Intermediate-Temperature  Specific  Heat 

Specific  heat  data  for  temperatures  near  80  K and  300  K,  respectively 
are  presented  in  Table  10.  Straight  lines  fitted  to  each  cluster  of  three  (G,T) 
datum  points  were  extrapolated  to  80.0  K and  300.0  K,  respectively.  The 
scatters  of  the  specific  heat  values  about  the  fitted  line  (temperatures 
being  assumed  free  from  error)  were  used  to  determine  the  standard  error. 

The  results  of  carrying  out  this  procedure  are  presented  in  Table  11. 


TABLE  10.  MEASURED  SPECIFIC  HEATS  OF  A BORON-ALUMINUM  COMPOSITE 
AT  TEMPERATURES  NEAR  80K  AND  300  K RESPECTIVELY 


Temperature 

Specific  Heat 

(K) 

(J/Kg-deg.) 

296.61 

297.01 

297.46 


TABLE  11.  SPECIFIC  HEAT  OF  BORON-ALUMINUM  COMPOSITE  ADJUSTED  BY 
LINEAR  FITTING  TO  TEMPERATURES  OF  80.0  K AND  300.0  K 


Temperature 

(K) 


Specific  Heat 
(J/kg-deg.) 


80.0 

300.0 


206  ± 2 
1076  ± 1 


* Standard  errors  are  indicated. 


Discussion  of  the  Boron- Aluminum  Data 


In  order  to  determine  the  applicability  of  the  law  of  mixtures 
to  the  specific  heat  of  a fiber-reinforced  composite,  the  sample  was 
chemically  analyzed  for  aluminum  content  and  the  assumption  was  made  that 
the  remainder  of  the  specimen  could  be  regarded  as  boron  (the  presence 
of  the  tungsten  core,  or  its  reaction  product  with  the  surrounding  boron 
was  neglected) . 


Low-Temperature  Specific  Heat.  No  low-temperature  specific 
heat  data  exist  for  boron;  however,  measurements  in  the  temperature  range 
60  to  150  K have  yielded  a Debye  temperature,  0^,  of  1219  . Another 

reported  value  is  1220  k(2) , and  this  we  will  use  in  the  following  analysis 
The  input  data  to  be  used  in  the  synthesis  (law  of  mixtures) 
of  a lattice  specific  heat  coefficient  for  boron- aluminum  are  listed  in 
Table  12. 


TABLE  12.  INPUT  DATA  - B AND  A1  VALUES 


The  average  specific  heat  coefficienu  (<S^)  is  expected  to  be 


<6>  ’ fS^  + (1-f)  Pg 


= 5.08  X lO-'^  J/kg-deg^ 


in  excellent  agreement  with  the  measured  value  (4-term  fit.  Table  8)  of 
5.06  X 10“^  J/kg-deg^.  In  addition,  a y boron  may  be  derived  from 
y^2_  (measured)  using  the  expression: 


(1)  H.  L.  Johnston,  et  al.  , J.  Amer.  Chem.  Soc.,  72_,  1H2  (;  -151) 

(2)  E.S.R.  Gopal,  "Specific  Heat  at  Low  Temperatures",  Plenum  N.Y.,  p 33,(1966) 
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<Y>  - fy 


A1 


0.38  X 10  ^ J/kg-deg^ 


This  value  of  y„,  less  than  one-tenth  that  of  aluminum,  is  not  inappropriate 
o 

to  a heavily  doped  semiconductor. 

Room  Temperature  Specific  Heat.  At  room  temperature  (RT)  and  300  K, 
we  have  the  following  data 


Metal  Temperature 


C 

P 

J/kg-deg 


A1  RT  904,1 

B 300  K 1032.2 


from  which  an  average  specific  heat  of  969.3  may  be  calculated.  This  is 
in  reasonable  agreement  with  th'^  directly  measured  value  of  1076  J/kg-deg, 
We  conclude  that  the  laws  of  mixtures  are  valid  for  computing 
the  specific  heats  of  composite  materials  from  the  values  appropriate  to 
the  Individual  constituents. 
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Abstract 


Results  are  reported  of  a six-month  study,  ending  March  1976,  on  candidate  materials 
for  superconducting  machinery.  The  results  cover  five  areas — advanced  composites,  elastic 
properties,  fatigue  resistance  and  fracture  toughness,  magnetothermal  conductivity,  and 
thermal  conductivity.  Material  properties  were  studied  over  the  temperature  range  A to 
300  K.  Materials  studied  Include:  aluminum  alloys  1100,  201A,  2219;  a nlckel-chromlum-lron 

alloy;  lron-47.5  nickel;  and  the  composite  materials  boron/aluminum,  boron/epoxy,  S-glass/ 
epoxy;  graphlte/epoxy . Some  notable  results  of  cne  study  are:  first  reports  of  comprjsslve 

mechanical  testing  on  composite  materials  at  4 K;  regular  temperature  behavior  of  the  elas- 
tic constants  of  aluminum  2014  and  2219  and  of  lron-47.5  nickel,  which  Is  magnetic;  none  of 
the  mechanical  properties  of  the  nlckel-chromlum-lron  alloy  tested  were  affected  deleterl- 
ously  by  cryogenic  temperatures;  In  aluminum  alloy  2219,  Jic  3r>d  Kjj,  are  not  equivalent 
because  of  sub-crltlcal  crack  extension;  both  electrical  and  thermal  conductivities  of 
aluminum  alloy  1100  are  reduced  by  magnetic  fields. 

This  work  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  U.S.  Department 
of  Defense. 

Keywords:  Aluminum  alloys;  composites;  elastic  properties;  engineering  materials;  fatigue; 

fracture;  Iron  alloys;  cryogenic  temperatures;  mechanical  properties;  nickel  alloys; 
superconduct:' ng  machinery;  thermal  conductivity. 
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Disclaimer 


Tradenames  of  equipment  and  materials  are  used  in  this  report  for  clarity  and  to 
conform  with  standard  usage  in  the  scientific  and  engineering  literature.  Selection  of 
materials  for  discussion  and  examination  with  regard  to  application  in  superconducting 
machinery  is  based  on  properties  reported  in  the  1'  erature,  and  must  be  regarded  as 
preliminary  and  tentative.  In  no  case  does  suc’^  ction  imply  recommendation  or 

endorsement  by  the  National  Bureau  of  Standards  ioes  it  imply  that  the  material 

or  equipment  is  necessarily  the  best  available  i,/i  . .e  purpose. 
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1.0  Review 


Work  on  this  project  was  initiated  by  preparing  state-of-the-art  reviews 
on  the  mechanical  and  thermal  properties  of  structural  composites  at  cryogenic 
temperatures.  A general  review  has  been  published (1) . More  comprehensive 
reviews  of  glass-reinforced  composites  and  of  advanced- fiber  (high-modulus) 
composites  have  been  published(2,3) . A reprint  of  Ref.  3 is  included  in 
the  present  report.  Reprints  of  Refs.  1 and  2 have  appeared  in  a previous 
Semi-Annual  Report(4). 

The  reviews  suggested  that  boron-aluminum,  boron-epoxy,  graphite-epoxy, 
glass-epoxy  and  Kevlar  49-epoxy  composites  warranted  further  study  to  char- 
acterize key  static  mechanical  properties  at  cryogenic  temperatures.  Key 
properties  are  those  required  for  a prediction  of  strength  or  stiffness 
limits  in  complex  crossply  layups  using  macromechanical  composite  theory. 

The  properties  are  obtained  from  uniaxial  composite  laminates , and  consist  o£ 
strengths  and  elastic  moduli  in  tension  and  compression  in  the  longitudinal 
and  transverse  directions  plus  in-plane  elastic  shear  moduli. 


Phase  I of  the  experimental  work  was  the  development  of  apparatus  and 
procedures  for  obtaining  these  data  at  cryogenic  temperatures.  Results  have 
been  reported  previously (5,6) . Phase  II  encompassed  the  static  character!- 
zation  work.  The  tensile  and  in-plane  shear  portion  of  this  Phase  was  reported 
previously (4) . The  static  compressive  mechanical  properties  of  these  compo- 
sites are  presented  and  discussed  in  the  present  report. 

In  Phase  III  of  this  work, the  performance  of  boron-epoxy  and  boron- 
aluminum  composites  in  tensile-tensile  fatigue  will  be  examined  at  cryogenic 
temperatures.  This  work  is  presently  under  way  and  will  be  reported  subse- 
quently. 
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Phase  II  (Continued) ; Static  Mechanical  Properties 
of  Uniaxial  Composites  at  Cryogenic  Temperatures 


2.1  Introduction 

This  report  presents  compressive  static  mechanical  property  data  for  the 
composites  listed  in  Table  1,  all  of  which  had  previously  been  characterized 
in  tension  and  in-plane  shear.  The  boron-reinforced  composites  were  fabri- 
cated from  state-of-the-art  coiomercial  preimpregnated  tape  materials,  not 
optimized  for  cryogenic  use.  The  cryogenic  properties  reported  for  these 
materials  in  the  present  work  are  believed  representative  of  the  properties 
of  boron-reinforced  aluminum  or  epoxy  composites  as  a class,  independent  of 
the  specific  manufacturer. 

NASA  Resin  2 is  a non-proprietary  formulation, 
filament-wound  pressure  vessles(7).  It  consists  of  Epon  828/ D&A/Empol  1040/ 
BDMA  in  proportions  of  100/115.9/20/1  by  weight. 

The  Kevlar  49/NASA  Resin  2 composite,  previously  included  in  the  ten- 
sile evaluation,  was  not  included  in  the  compressive  test  program.  The  very 
low  transverse  strength  of  the  material  obtained  for  this  program  suggested 
that  the  composite  was  not  representative  of  good  production  quality. 

Key  compressive  static  mechanical  properties  include  uniaxial  longitu- 
dinal and  transverse  ultimate  strengths,  elastic  moduli,  and  ultimate  failure 
strains.  Where  possible,  the  stresses  at  the  proportional  limit  and  the 
0.2%  offset  yield  strengths  were  also  determined. 

The  present  data  have  been  obtained  from  rod  or  bar  type  specimens 


designed  to  fail  in  approximately  45°  shear.  This  is  believed  to  best 
approximate  compressive  failure  in  bulk  composite  structures  \n  the  absence 
of  significant  column  bending  or  end  brooming.  The  reader  should  be  aware 
that  compressive  properties  obtained  by  the  sandwich  beam  method  may  differ 
somewhat  from  those  reported  in  the  present  work. 

2.2  Experimental  Procedures 

The  compression  fixture  shown  in  Figure  1 converts  pull  rod  separation 
into  compression  by  means  of  interlocking  yokes.  Specimen  (A)  with  its  end 
caps  is  inserted  into  compression  blocks  (B) . Alignment  is  maintained  by 
sleeve  (C) , which  slips  around  the  blocks.  The  compression  blocks  are 
anodized  to  minimize  friction.  Additionally,  M0S2  lubricant  sprayed  on  the 
fixture  during  assembly  serves  as  both  a release  agent  for  the  end  caps  and 
as  a lubricant  between  the  compression  blocks  and  alignment  tube.  Extraneous 
frictional  forces  are  typically  5-10  N (1-2  lb) . 

The  split  compression  blocks  are  joined  by  stainless  steel  bolts, 
facilitating  removal  of  the  end  caps  after  testing.  Fixture  dimensions  and 
construction  materials  are  detailed  in  Figure  2. 

The  compression  fixture  was  designed  to  interchange  with  the  tensile 
fixture  in  the  cryostat  previously  described  (5) . Helium  consumption  was 
typically  5-6  liters  per  specimen  test. 

The  desired  45°  shear  failure  mode  was  reliably  obtained  after  several 
iterations  of  specimen  design.  The  two  final  configurations  are  shown  in 
Figure  3.  Specimens  of  square  cross  section,  embedded  in  6061-T6  aluminum 
end  caps,  proved  satisfactory  for  most  materials  and  orientations  (Figure  3(a)). 
However,  the  very  high  compressive  strengths  developed  by  the  boron-reinforced 
materials  when  tested  along  the  fiber  direction  required  round  specimens  and 
stainless  steel  end  caps  (Figure  3 (b) ) . Both  specimen  types  were  diamond 
ground  to  finished  dimensions  of  Figure  3. 

A longitudinally-slit  tube,  having  an  i.d.  matching  the  o.d.  of  the  end 
caps,  was  used  to  align  and  support  the  specimens  during  room  temperature 
curing  of  the  epoxy  used  to  bond  the  specimens  into  the  end  caps.  Several 
conventional  types  of  epoxy  proved  satisfactory  for  this  application. 

All  polymer-matrix  composites  were  environmentally  conditioned  for  a 
minimum  of  40  hours  at  23  + 1°  C in  50  + 10%  relative  humidity  prior  to 
testing.  The  boron/6061  aluminum  was  tested  in  the  as-fabricated  condition 
(F  temper)  without  additional  conditioning. 

A universal  testing  machine  was  used  for  all  tests.  The  crosshead  speed 
was  0.10-0.13  cm  min“l  (0.04-0.05  in  min"l) , providing  a strain  rate  of  0.06- 
0.08  min“i. 

Specimens  of  square  cross-section  were  instrumented  with  a single  long- 
itudinal strain  gage.  On  transverse  specimens,  the  gage  was  always  on  the 
side  parallel  to  the  fiber  reinforcement.  The  initial  tangent  modulus  was 
obtained  from  load-displacement  traces  recorded  at  high  sensitivity  on  an 
x-y  plotter;  maximum  stress  was  limited  to  less  than  25%  of  the  ultimate 
strength.  Specimens  were  subsequently  compressed  to  failure  while  recording 
load  and  strain  at  lower  sensitivity.  The  strain  gage  typically  failed 
prior  to  specimen  fracture.  However,  simultaneous  load- time  traces  on  a 
strip-chart  recorder  permitted  calculation  of  overall  failure  strain. 

Strain  gages  were  not  used  with  specimens  of  round  cross  section. 

However,  the  compressive  moduli  of  these  specimens  were  calculated  from  the 
load-time  trace  of  the  strip  chart  recorder  using  the  procedure  described  in 
Appendix  I . 
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2.3  Results  and  Discussion 


Individual  specimen  data  appear  in  Tables  2-5.  Table  6 presents  average 
values,  omitting  data  from  invalid  fractures  when  calculating  ultimate  strain 
and  strength.  The  inaccuricy  of  the  data  is  estimated  at  + 3%  for  ultimate 
strength,  + 10%  for  modulus  and  ultimate  strain,  and  + 20%  for  proportional 
limits  and  yield  strengths. 

The  maxima  of  the  compressive  ultimate  strengths  and  elongations  are 
presented  in  Table  7.  It  is  probable  that  the  values  in  this  Table  are  a 
better  reflection  of  the  true  ultimate  properties  of  the  bulk  composites  than 
are  the  average  values  of  Table  6.  Particularly  when  testing  in  the  uniaxial 
longitudinal  direction,  values  obtained  from  relatively  small  cross  section 
rod  specimens  are  probably  lower  due  to  premature  failure  in  other  than  pure 
compression . 

The  desired  shear  mode  of  compressive  failure  is  evident  in  the  frac- 
tures of  the  various  materials  illustrated  in  Figure  4. 

2.3.1  Compressive  Modulus 

The  compressive  moduli  of  the  boron-epoxy,  glass-epoxy  and  graphite- 
epoxy  materials  are  very  close  to  their  tensile  moduli  in  both  the  longitu- 
dinal and  transverse  directions.  In  contrast,  the  longitudinal  compressive 
moduli  of  the  boron-aluminum  composite  was  computed  to  be  30-80%  higher  than 
the  tensile  value,  while  the  transverse  compressive  moduli  was  computed  to 
be  10-30%  less  than  the  corresponding  tensile  value. 

The  authors  do  not  believe  that  the  compressive  moduli  calculated  for 
the  boron-aluminum  composite  represent  valid  material  properties.  An  average 
longitudinal  compressive  modulus  of  359  GN/m^  (52.1  X 10°  psi)  is 
hardly  realistic  for  a composite  reinforced  with  50  v/o  of  boron 
which  itself  has  a modulus  of  about  379  GN/m^  (55  X 10°  psi).  Furthermore,  • 

preliminary  studies  of  the  elastic  constants  of  the  same  boron-aluminum 
composite  using  dynamic  resonance  techniques  indicate  that  the  average  of 
the  tensile  and  compressive  moduli  is  about  234  GN/m'  (34  X 10°  psi),  with 
a small  temperature  sensitivity  on  cooling  to  cryogenic  temperatures (8 ) . It 
therefore  appears  that  the  method  used  to  obtain  compressive  moduli  in  the 
present  work  is  invalid  for  boron-aluminum  composites.  We  do  not  know  the 
reason  for  this  discrepancy.  However,  until  the  problem  is  resolved,  the 
authors  suggest  that  tensile  moduli  values  be  used  to  approximate  compres- 
sive moduli  when  working  with  boron-aluminum  composites. 

The  longitudinal  compressive  moduli  of  the  boron-epoxy  and  glass-epoxy 
composites  increased  about  20%  on  cooling  to  4 K,  while  that  of  the  graphite- 
epoxy  composite  remained  relatively  unchanged.  A much  larger  temperature 
dependence  of  modulus  was  observed  in  the  transverse  direction,  with  increases 
of  67%,  108%  and  178%  being  observed  for  the  graphite-epoxy,  boron-epoxy, 
and  glass-epoxy,  respectively.  Similar  temperature  dependences  had  been 
previously  observed  for  the  tensile  moduli  of  these  materials. 

2.3.2  Compressive  Strength 

Present  data  suggest  that  boron-reinforced  composites  are  capable  of 
providing  longitudinal  compressive  strengths  approaching  3.4  GN/m^  (50  X 
10“*  psi)  at  4 K in  the  absence  of  column  bending.  This  is  twice  the  tensile 
strength  at  that  temperature.  Conversely,  the  4 K longitudinal  compressive 
strengths  of  the  glass  and  graphite-epoxy  composites  were  30-50%  lower  than 
therr  4 K longitudinal  tensile  strengths.  The  superior  ability  of  the  boron 
fibers  to  sustain  compressive  loads  is  clear. 

The  transverse  compressive  strength  of  all  four  composite  types  are 
substantially  higher  than  their  transverse  tensile  strengths.  This  is 
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particularly  noticeable  in  the  graphite-epoxy  composite. 

The  compressive  strength  of  the  boron-reinforced  composites  in  the  long- 
itudinal direction  appears  to  be  relatively  independent  of  temperature, 
although  present  data  are  incomplete.  However,  the  longitudinal  compressiv » 
strengths  of  the  glass-epoxy  material  is  very  temperature  dependent,  increas- 
ing by  180%  on  cooling.  A 25%  increase  in  strength  was  observed  for  the 
graphite-epoxy  on  cooling.  In  the  transverse  direction,  the  compressive 
ultimate  strength  of  the  boron-aluminum,  boron-epoxy,  and  glass-epoxy  increased 
by  100-170%  on  cooling.  However,  cooling  to  cryogenic  temperatures  decreased 
the  transverse  compressive  strength  of  the  graphite-epoxy  composite  by  about 
30% . 

2.4  Conclusions 


Commercial,  state-of-the-art  boron-6061  aluminum  and  boron-epoxy  compo- 
sites have  excellent  static  compressive  properties  at  cryogenic  temperatures. 
The  compressive  strength  is  particularly  butstanding,  approaching  3.4  GN/m^ 
(50  X 10“*  psi)  in  the  uniaxial  longitudinal  direction  at  4 K.  Transverse 
compressive  strengths  of  620  MN/m^  (90  X 10^  psi)  for  boron-aluminum  and  427 
MN/m2  (62  X 10^  psi)  for  boron-epoxy  at  4 K are  substantially  higher  than  in 
other  composite  systems.  The  compressive  strength  properties  of  the  boron- 
reinforced  materials  are  superior  to  the  already  high  tensile  strength  pro- 
perties at  all  cryogenic  temperatures.  With  a modulus  of  206-240  GN/m^ 

(30-35  X 10®  psi) , the  boron-reinforced  composites  appear  to  be  excellent 
cryogenic  structural  materials. 

At  4 K,  NASA  Resin  2 epoxy  reinforced  with  S-901  glass  fibers  has  about 
half  the  compression  strength  of  the  boron  materials  in  both  the  longitudinal 
and  transverse  directions.  The  longitudinal  compressive  strength  of  this 
composite  is  30-60%  lower  than  the  corresponding  tensile  strength,  while  the 
transverse  compression  strength  is  100-200%  greater  thf.n  in  tension.  Com- 
pressive moduli  increase  with  cooling,  attaining  about  62  GN/m^  (9  X 10®  psi) 
longitudinally  and  about  31  GN/m^  (4.5  X 10®  psi)  in  the  transverse  direction 
at  4 K. 


NASA  Resin  2 reinforced  with  Type  AS  graphite  fiber  had  the  lowest  com- 
pressive strength  of  the  composites  tested.  Uniaxial  longitudinal  strengths 
at  4 K were  about  25%  of  that  of  the  boron  materials,  while  transverse 
strengths  averaged  about  130  MN/m^  (]9  X 10^  psi) . The  longitudinal  compres- 
sion modulus  of  about  117  GN/m^  (17  X 10®  psi)  was  about  the  same  as  the 
tensile  modulus. 

The  comparatively  poor  performance  of  the  graphite-epoxy  composite  in 
the  present  wor)?  should  not  be  construed  as  indicating  a general  inferiority 
of  this  type  of  composite  for  cryogenic  applications.  The  data  suggest  that 
an  incompatibility  may  exist  between  the  fiber  and  matrix  in  the  AS/NASA 
Resin  2 composite  selected  for  this  study. 

Present  data  indicate  that  the  compressive  and  tensile  moduli  of  the 
boron-epoxy,  graphite-epoxy  and  glass-epoxy  composites  are  substantially  the 
same  from  295  K to  4 K.  In  view  of  the  experimental  difficulty,  there 
appears  to  be  little  justification  for  a separate  determination  of  compres- 
sive moduli  if  tensiJe  moduli  are  available. 

We  conclude  from  this  study  that  the  compressive  moduli  of  uniaxial 
boron-6061  aluminum  composites  cannot  be  reliably  measured  by  the  procedures 
used  in  this  study,  even  though  such  procedures  were  satisfactory  for  the 
epoxy-matrix  composites. 


6 


I 


} 3.0  Future  Work 


Phase  III  of  this  program  will  examine  the  extent  to  which  cryogenic 
temperatures  affect  the  wear-out  rate  of  boron-aluminum  and  boron-epoxy  com- 
posites under  tension-tension  fatigue.  Criteria  will  be  changes  in  specimen 
modulus  and  damping.  This  study  is  presently  under  way  using  composites  of 
I [0/+  45/0] s orientation  and  stacking. 
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Typical  composite  compressive  fractures. 
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Drawing  of  fixture  for  compression  testing  of 
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All  dimensions  shown  in  mm. 


Fig.  3,  Specimen  configurations  used  in  determining  static  com- 
pressive properties  of  composites  at  cryogenic  temperatures. 

(a)  Square  specimens  for  glass-epoxy,  graphite-epoxy 
and  transverse  boron-aluminum  and  boron-epoxy. 

(b)  Round  specimen  for  longitudinal  boron-aluminum 
and  boron-epoxy. 
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Olaaa-epoxy,  longitudinal,  4k  (f)  Boron- q>oxy,  transverse. 


Table  1.  Composites  Tested  in  Comoresslon 


Composite  Type 


Average 
Nominal  Fiber 

Plate  Thickness  Ply  Thickness  Volume 


5.6  mil  Boron-6061  Aluminum 
(condition  F) 


5.6  mil  Boron-5505  Epoxy 
S-901  Glass-NASA  Resin  2 Epoxy 
Type  AS  Graphlte-NAS/.  Resin  2 Epoxy 


(cm) 

(in) 

(cm) 

(in) 

Perc 

0.373 

0.147 

0.0175 

0.0069 

47 

0.345 

0.137 

0.0170 

0.0067 

52 

0.462 

0.182 

0.0206 

0.0081 

66 

0.366 

0.144 

0.ul93 

0.0076 

64 

Plate-to-plate  variation  was  * 2%. 


T.hle  2.  Cooipres.lv.  Properties  of  5.6  oill  Boron-6061  Aluminum  Comoooite*  (Indlvlduel  Specloiens) 


Youna'a  Modulus 
(lo5  I (1  pui/ 


Proportions!  Limit,  0.2Z„ Yield  Strength,  o‘^>'  Ultlmste  Strength,  o'“ 

(10"  I (10^  pel)  (10®  ®/n2)  i (lo^  p.i)  (10®  ®/«i2)  i (iqJ  p,i) 


Longitudinal  (0^) 


Transverse  (90'') 


*Squara  apaclesna  axcapt  as  aarkad. 

^Round  apaclown. 

^Eatlffiatad  from  atrip-chart  racordlng. 

^Thla  la  tha  only  boron-alualnua  apacliaan  that  vaa  load  ryclad. 


Undarllnad  valuaa  rapraaant  Invalid  fraeturaa. 

* 8aa  taxt  dlacuaalon  on  validity  of  thaaa  valuaa. 


Ultimate 
Strain, 
(»)  _ 


Rectangular  specimen. 

^ Square  apecloen. 

^ Round  apecloen. 

^ Estlaated  from  atrip-chart  recording. 

Underlined  valuea  represent  Invalid  fractures. 


Table  4.  Coapreaalve  Properties  of  S Claaa-NASA  Realn  2 Coapoalte  (Individual  Soeclnena) 


Temperature 

(K) 

Elaatlc  Ho< 
do’  N/,2) 

dulus,  E^ 
(lO®  pel) 

ProQortlonsl 
(10®  N/.S) 

Limit » 

<103  pel) 

0.2X  Yield  St 
(lO®  N/.2) 

rangth, 
(103  pal) 

Ultimate  St 
(10»^/«2) 

rength, 

(103  psl) 

Ultimate 

Strain, 

(X) 

i-ongl 

tudln.l  (0°) 

293 

40.4 

5.87 

1,36 

19,8 

4.72 

68.5 

1.2 

295 

59.2 

6.44 

0.93 

13.5 

5.62 

61.6 

1.  3 

295 

53.2 

7.71 

3.14 

45.6 

4.75 

68.8 

0.9 

76 

69.7 

10.1 

1,78 

25.8 

7.32 

106 

16.5 

239 

76 

64.2 

9.3 

3.24 

47.0 

9.67 

143 

13.4 

195 

76 

72.5 

10.5 

3.07  1 

44.4 

— 

10.3 

150 

76 

46.6 

7.0 

4.47  1 

64.8 

7.03 

102 

14.0 

203 

2.3® 

4 

33.8 

7.81 

2.44  ! 

35.3 

9.08 

132 

14.1 

204 

1.5 

4 

63.0 

9.13 

3.61 

55.2 

7.56 

110 

15.4 

224 

2.6® 

4 

64.7 

9.38 

3.11  1 

45.1 

— 

— 

13.1 

190 

1.8“ 

Trana' 

o 

o 

• 

293 

11.7 

1.70 

0.350 

7.97 

0.733 

10.6 

0.962 

13.9 

' 3.4 

295 

12.3 

1.78 

0.3i0 

5.51  i 

0.753 

10.9 

0.935 

13.6 

2.6 

295 

9.6 

1.42 

0.422 

6.12  1 

0.703 

10.2 

1.052 

13.3 

3.4 

76 

19.8 

2 87 

0.92 

13.4 

2.J5 

34.0 

0.7 

76 

26.0 

3.77 

1.31 

19.0 

2.84 

41.2 

1.1 

76 

22.7 

3.29 

1.19 

17.2 

3.11 

45.1 

0.9 

4 

27.2 

3.95 

2.76 

40.0 

1,1 

4 

39.4 

5.71 

1 

2.99 

43.4 

0.8 

4 

27.3 

3.96 

2.13 

30.9 

0.7 

Estimated  i*rom  strip  chart  recordln;. 


All  square  spsclmena 
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Table  5.  Compreaalve  Propertiaa  of  Type  AS  Graphlte-NASA  Realn  2 Conooaite  (IndlvfHual  Specimena) 


Temperature 

(K) 

Elaatlc  Modulua,  ^ 
(10^  *^/m2  1 (10®  pal) 

295 

137 

19.3 

295 

125 

16.1 

295 

125 

16.2 

76 

115 

16.7 

76 

97 

lit.l 

76 

110 

16.0 

76 

U1 

20. A 

4 

109* 

15.8“ 

4 

I2it 

16.0 

4 

125 

16.2 

295 

9.09* 

1.32“ 

295 

9.99* 

1.45« 

295 

9.91“ 

1.44“ 

76 

16.6 

2.41 

76 

13.1 

1.69 

76 

16.1 

2.34 

it 

16.6 

2.72 

it 

lit.it 

2.09 

it 

15,3 

2:22 

Prooort  anal  Limit*  0*^ 

I (103  pal) 


0.2Z  Yield  Strength,  o"- 


(10®  ®/m2) 


^ Eaclmated  from  atrip-chart  recording. 


All  aquare  apaclmena 


Longitudinal  (0^) 


Tranaverat  (90°) 


Ultimate  Strength,  0^^ 
(10®  1 (103  pal) 

Ultimate 
Strain,  e*- 

Sli- 

5.61 

61.2 

0.5 

4.96 

71.9 

0.4 

5.38 

78.0 

0.4 

7.95 

115 

0.6 

4.75 

69 

0.5 

6.72 

97 

0.7 

12.29 

178 

1.0 

6.63 

128 

0.7* 

5.87 

85 

0.6 

5.99 

87 

0.6 

1.04 

15.1 

0.8“ 

0.91 

13.2 

0.9“ 

0.71 

10.3 

0.6* 

1.51 

21.9 

1.1 

1.25 

16.1 

1.0 

1.33 

19.3 

0.9 

1.00 

14.4 

0.5 

1.50 

21.6 

1.0 

1.43 

20.7 

0.9 

Valid 


a Tt. 


Standard  dcrlatlons  are  in  parentheses.  CV  is  the  coefficient  of  variation.  Data  froa  speclaens  shoving  an 
Invalid  fracture  are  not  Included  In  rhe  calculations  of  ultimate  strength  or  elongation. 

See  text  discussion  on  validity  of  these  values. 


Table  7.  Compressive  Properries  of  Composites  (Maxima  of  Ultimate  Strength  Values) 


Temperature 

(K) 

Ultimate  St 
(10®  N/„,2) 

rength,  0*^^ 
(10®  psi) 

Ultimate 

cu 

Compression,  e 
(%) 

Number  of 
Specimens 

5.6 

mil  Boron-60f 

)1  Aluminum 

Longitudinal  (0°) 

29'j 



__ 

76 

28.7 

416 

0.5 

1 

4 

32.6 

473 

0.7 

3 

Transverse  ( 

90°) 

295 

2.60 

37.7 

0.5 

3 

76 

4.56 

66.2 

0.9 

3 

4 

0.56 

95.1 

1.2 

3 

5. 

6 mil  Boron-55 

05  Epoxy 

Longitudinal 

(0°) 

295 



__ 

76 

— 

— 



4 

36.6 

531 

0.6 

3 

Transverse  ( 

90°) 

295 

2.27 

32.3 

1.6 

4 

76 

4.56 

66.2 

1.5 

5 

4 

4.52 

65.5 

1.1 

3 

5 Glass-HASA  R 

esin  2 

Longitudinal 

(0°; 

295 

5.62 

81.6 

1.3 

3 

76 

16.5 

239 

3.0 

4 

4 

15.4 

224 

2.6 

3 

Transverse  (! 

70°) 

295 

1.05 

15.3 

3.4 

3 

76 

3.11 

45.1 

1.1 

3 

2.99 

43.4 

1.1 

3 

i 

Type 

AS  Graphlte-N/ 

\SA  Resin  2 

Longitudinal 

(0°) 

295  I 

5.61 

81.2 

0.5 

3 

76 

12.3 

178 

1.0 

4 

4 

8.83 

128 

0.8 

3 

Transverse  (S 

»0°) 

295 

1 .04 

15.1 

0.8 

3 

76 

1.51 

21.9 

1.1 

3 

4 

1.50 

21.8 

1.0 

3 
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Appendix  I:  Calculation  of  Compressive  Moduli 


The  elastic  (Young's)  modulus,  E,  is  determined  from  a stress-strain 
curve  by  the  relationship: 


E = 


Ae 


(1) 


where  L = load,  A = specimen  cross-sectional  area  and  e = specimen  strain. 
If  the  only  available  record  of  the  test  is  a strip  chart  trace  of  load  as 
a function  of  time,  the  time  axis  must  be  calibrated  in  units  of  strain. 


For  an  infinitely  rigid  test  machine,  the  strain  would  be  given  by  the 
product  of  time  and  crosshead  speed  divided  by  the  specimen  gage  length.  In 
reality,  a fraction  of  the  crosshead  motion  causes  strain  in  various  compo- 
nents of  the  load  train  other  than  the  specimen.  This  extraneous  strain  may 
be  accounted  for  if  one  knows  the  functional  relationship  between  incremental 
specimen  strain,  Ae,  and  incremental  strip-chart  time.  At: 


Ae  = f(At) 


The  factor  f is  a function  of  both  the  spring  constant  of  the  loading 
system  and  of  specimen  stiffness,  E*A.  It  is  uniquely  defined  for  a given 
specimen  and  load  train,  and  may  be  determined  by  comparing  a strip-chart 
trace  with  a load-strain  trace  recorded  concomitantly  from  a strain-gaged 
specimen.  Specimens  of  differing  stiffness  yield  differing  f factors, 
reflecting  differences  in  the  distribution  of  overall  strain  between  the 
specimen  and  the  load  train.  However,  if  f factors  are  calculated  from  a 
large  number  of  specimens  which  vary  in  modulus  and  cross-sectional  area 
(but  are  of  identical  gage  length),  a plot  of  f versus  the  E-A  product 
provides  a calioration  curve  for  the  test  system. 

Com.bining  Eqs.  (1)  and  (2)  yields: 


E 


AL 

A • f(At) 


(3) 


Since  AL,  At  and  A are  known,  an  iterative  process  is  used  to  find  the 
correct  value  of  the  factor  f.  An  estimate  is  made  of  the  modulus,  the 
E-A  product  is  calculated,  and  the  corresponding  f value  is  determined  from 
the  calibration  chart.  This  value  is  substituted  in 

tions  suffice  to  narrow  estimated  and  calculated  moduli  to  within  0 , 
which  appears  to  be  a reasonable  limit  of  accuracy  for  this  method. 


The  same  f value  may  be  used  to  estimate  the  fracture  strain  from  the 
time  scale  of  a load-time  trace. 


It  is  also  possible  to  estimate  the  ultimate  strain  from  tlie  total  test 
-ime  using  Eq.  (2).  In  those  cases  where  a strain  gage  was  applied  but  failed 
Defore  specimen  fracture,  a comparison  of  the  initial  linear  portion  of  the 
, 4-v.c  mnriiiliis  from  the  load-strain  curve  yields  an  f vali 


Load 


:rom 


:e  specimen  fracture,  a comparison  oi  ^ 

time  curve  with  the  modulus  from  the  load-strain  curve  yields  an  f value 
Eg  (Sr^ithout  recourse  to  the  calibration  curve  or  any  iterations. 
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Appendix  II;  M.  B.  Kusen^  '‘Mechanical  and  Thermal  Properties  oi  Flloniontary- 
Reini’orced  Structural  Composites  at  Cryogenic  TeniperatureS"2. 

_ Advanced  Composites,"  Cryogenics  15(12),  pp.  70^-722  (1975) • — 

The  low  temperature  mechanical  and  thermal  properties  of  advanced-fibre  reinforced 
structural  composites  are  reviewed.  The  magnitude  and  range  of  particular  properties 
are  discussed  with  respect  to  composite  type  and  temperature.  A property-material 
cross  reference  is  given  with  a 128-entry  bibliography.  This  is  Part  2 of  a two-part 
series.  Part  1 considered  glass-reinforced  con  posites 


Mechanical  and  thermal  properties  of  filamentary- 
reinforced  structural  composites  at  cryogenic 
temperatures 

2:  Advanced  composites 

M.  B.  Kasen 


Nomenclature 

qIU 

tensile  ultimate  strength 

initial  tensile  modulus 

secondary  tensile  modulus 

ftu 

tensile  ultimate  strain 

(jfu 

flexu,  '1  ultimate  strength 

initial  flexural  modulus 

secondary  flexural  modulus 

qCU 

compressive  ultimate  strength 

/f' 

compressive  modulus 

gCU 

compressive  ultimate  strain 

a" 

interlaminar  shear  strength 

n' 

fatigue  strength 

(jby 

bearing  yield  strength 

(jbu 

bearing  ultimate  strength 

a* 

impact  strength 

X 

tliermal  conductivity 

M./'L 

thermal  contraction  (expansion) 

specific  heat  at  constant  pressure 

P 

density 

Tliis  review  has  four  main  objectives:  (a)  to  give  the  designer 
some  idea  of  the  general  magnitude  of  property  values  which 
can  reasonably  be  expected  from  a given  category  and  class 
of  advanced- fib  re  composites  witliin  the  cryogenic  range; 

(b)  to  provide  insiglit  into  the  ranking  of  specific  composite 
classes  with  regard  to  a specific  property;  and  (c)  to  allow 
him  to  assess  whether  the  property  of  interest  is  likely  to 
increase,  remain  unaffected,  or  decrease  with  lowering  of 
temperature.  Readers  with  more  specific  interests  are 
referred  to  the  Bibliography  and  Bibliography-Property 
Cross  Reference  foi  retrieval  of  s}  ecific  documents.  The 
Bibliography  in  this  report  is  similar  to  that  in  Part  I and 
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includes  references  to  both  the  glass  and  advanced-fibre 
reinforced  composite  literature.  The  scope  of  the  literature 
survey  has  already  been  described  in  Part  1 (CRYOGENICS 
Vol  15,  No  6 (June  1975)  pp  327-49) 

We  define  a composite  category’  by  the  general  reinforcement 
type,  for  example,  glass-fibre  or  advanced-fibre  (graphite, 
boron,  etc).  We  subdivide  the  category  into  composite 
classes  by  the  general  matrix  type,  for  example,  glass- 
polyester  or  graphite-epoxy.  We  subdivide  the  class  by  re- 
ferring to  a composite  type  when  a specific  remforcement/ 
matrix  combination  is  specified,  for  example,  HT-S/X-904 
epoxy. 

The  term  ‘advanced-fibre’  is  used  to  distinguish  fibres  having 
high  modulus  (20-70  x 10^  lb  in'^,  138—483  GPa)  in  con- 
trast to  the  relatively  low  modulus  of  glass  fibre  (10  x 10* 
lb  in‘2,  69  GPa).  Fibres  of  boron,  graphite  or  proprietary 
organic  type  dominate  the  advanced-fibre  field. 

Several  differences  will  be  noted  between  the  presentation  of 
the  data  in  this  work  and  in  Part  1.  First,  because  of  the  wide 
variation  in  properties  among  the  advanced  fibres  (and,  there- 
fore, among  ihe  composites  in  which  they  are  used),  separate 
data  are  presented  on  each  specific  reinforcement  type. 

Secondly,  as  no  data  were  available  on  woven-cloth  advanced- 
fibre  composites  at  cryogenic  temperatures,  present  data  are 
restricted  to  uniaxial  longitudinal  and  uniaxial  transverse 
layups.  Tliirdly,  the  overwhelming  majority  of  the  relevant 
data  for  advanced-fibre  polymeric  systems  aie  reported  for 
epoxy  matrices,  in  contrast  to  the  variety  of  polymeric  mat- 
rices for  which  data  were  available  in  glass-reinforced  systems. 
Finally,  data  are  presented  for  advanced-fibre  reinforcement 
of  a metal  matrix  (aluminium). 

A more  subtle  difference  in  the  piesent  work  is  the  separ- 
ation of  stati'-  mechanical  properties  into  primary  and  secon- 
dary categories.  The  former  category  distinguishes  those 
properties  useful  in  design  calculations,  while  the  latter  dis- 
cusses properties  more  qualitative  in  nature,  which  are  pri- 
marily useful  in  quality  control  or  for  comparative  perform- 
ance screening  of  composites. 

In  other  respects,  the  data  presentation  follows  that  used  in 
Fart  I , that  is,  literature  property  values  are  presented  in 
graphical  form  as  a function  of  temperatures  at  295  K,  200  K, 
77  K,  20  K,  and  4 K.  The  absence  of  a data  point  for  a 
given  temperature  indicates  failure  to  find  significant  data. 
References  are  given  for  each  plotted  curve. 
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Curves  presenting  data  averaged  from  several  sources  may 
have  a considerable  scatter  band  associated  with  them.  We 
discuss  the  range  of  values  asscxriated  with  such  curves  and 
emphasize  those  specific  types  for  which  the  best  values  were 
leported. 

The  complexity  of  the  subject  and  the  necessity  of  a cut-off 
data  for  data  acquisition  makes  it  urn  voidable  that  some  data 
worthy  of  inclusion  have  been  inadvertently  oveilooked.  The 
author  would  appreciate  having  such  omissions  brought  to 
his  attention.  Tire  author  also  wishes  to  emphasize  that  the 
data  presented  in  this  review  reflect  the  published  results  of 
the  cited  authors.  These  data  have  not  been  experimentally 
verified  by  NBS,  and  the  conclusions  and  evaluations  present- 
ed herein  do  not  imply  approval,  endorsement,  or  recommen- 
dation of  any  commercial  product  by  NBS. 

There  exists  no  universally  accepted  method  of  determining 
many  of  the  reported  properties.  It  is  not  easy  to  obtain 
valid  uniaxial  longitudinal  tensile  fracture  because  of  the 
difficulty  of  transferring  the  tensile  load  from  the  specimen 
grips  into  the  fibres  of  the  specimen  without  introducing 
excessive  localized  stress  concentrations.  Problems  also  arise 
in  uniaxial  longitudinal  compression  testing  where  an  un- 
supported specimen  may  fail  by  the  ‘brooming’  of  its  ends 
or  by  column  buckling  However,  such  premature  failures 
result  in  property  values  lower  than  the  true  values  and  tend 
to  bias  the  data  accordingly 

The  discussion  of  properties  of  the  composites  Included  in 
this  review  does  not  take  into  consideration  the  effect  oi 
variations  in  fibre  resin  ratio  among  specific  types  of  com- 
posites and  test  specimens.  Boron-reinforced  composites 
normally  contain  an  0.45-0.50  fibre  resin  ratio  volume,  while 
composites  reinforced  with  graphite  or  organic  fibre  conven- 
tionally have  an  0.50  0.65  ratio.  Composite  properties  are 
strongly  influenced  by  this  ratio  Controlled  variations  ir 
many  of  the  properties  are  obtainable  in  practice  by  speci.'ic 
variation  of  the  fibre  content  of  the  composite'  The  property 
data  discussed  in  this  paper  refleC  values  and  trends  reported 
for  composites  containing  of  the  order  of  50%  fibre  volume. 
However,  the  reader  must  refer  ‘o  the  literature  for  specific 
composite  data 

Finally,  the  reader  should  be  aware  that  composite  techno- 
logy is  developing  so  rapidly  that  some  of  the  data  presented 
in  this  review  may  not  reflect  the  current  state  of  the  art. 
Recent  introduction  of  new  reinforcing  fibres,  improvements 
in  composite  fabrication  techniques  and  refinement  of  test 
methods  have  resulted  in  overall  improvement  in  both  the 
level  and  the  consistency  of  composite  mechanical 
properties. 

For  the  reader  unfamiliar  with  the  development  of  advanced 
composite  technology,  it  will  be  useful  to  establish  a per- 
spective on  the  field.  The  two  primary  reinforcement  sy- 
stems are  boron  filaments  produced  by  vapour  deposition  of 
boron  on  a very  fine  tungsten  wire  substrate  and  graphite 
fibre  produced  by  graphitization  (pyrolysis)  of  an  organic 
precursor  fibre.  Additionally,  a proprietary  aromatic  poly- 
amide organic  fibre  commercially  called  Kevlar  49  (PRD  49) 
is  currently  receiving  attention.  The  boron  filaments  were 
initially  produced  at  4 mil  (1  mil  = 25.4  /rm)  diameter;  how- 
ever, 5.6  mil  diameter  filaments  are  now  widely  used.  Boron 
fibre  coated  with  a thin  layer  of  silicon  carbide,  produced 
under  the  trade  name  of  Borsic,  is  reported  to  have  improved 
interfacial  bonding  to  certain  matrix  types.  The  graphite 
fibre  is  much  more  complex,  as  it  is  not  only  possible  to 


produce  such  fibres  from  different  precursor  materials  (the 
two  most  coniiiion  being  rayon  and  polyacrylonitrile  (PAN)), 
but  it  is  also  possible  to  vary  the  production  process  to  pro- 
duce fibres  differing  greatly  in  modulus  and  strength.  As 
the  properties  obtainable  with  graphite  reinforcement  may 
approach  those  with  boron  reinforcement  at  a somewhat 
lower  cost,  development  of  graphite  fibres  has  proceeded  at 
a very  rapid  rate.  Today  the  user  is  confronted  with  an 
abundance  of  fibre  choices,  many  of  which  are  not  well 
characterized  and  many  of  which  will  disappear  to  be  replac- 
ed by  newer  types.  At  the  present  time,  the  potential  user  of 
these  materials  would  be  wise  to  restrict  his  interest  to  those 
types  whose  behaviour  is  reasonably  well  known,  barring 
compelling  reasons  for  doing  otherwise. 

Graphite  fibres  may  be  produced  with  elastic  moduli  varying 
from  25-75  x 10*  lb  in‘^  (170-500  GPa),  with  strengths 
varying  inversely  to  moduli.  In  the  present  report,  these 
fibres  are  classified  according  to  low,  medium  or  high  modu- 
lus, the  differentiation  being  <40, 40  -60  and  > 60  x 10* 
lb  in‘^,  respectively  (<  275,  275  415,  and  >415  GPa). 

As  composites  are  frequently  used  where  weight  is  ciitical  or 
where  high  specific  strengths  are  required,  typical  composite 
densities  have  been  summarized  in  Table  1 . 

Primury  static  mechanical  properties 

The  key  static  mechanical  properties  required  lor  preliminary 
design  calculations  with  composites  are:  uniaxial  longitudinal 
and  transverse  tensile  and  compressive  ultimate  strengths; 
•in'axial  in-plane  shear  ultimate  strength; and  ultimate  strains 
in  the  uniaxial  longitudinal  and  transverse  directions.  Key 
elastic  properties  are  uniaxial  tensile  and  compressive  moduli 
in  the  longitudinal  and  transverse  direction,  uniaxial  in-plane 
shear  moduli  and  Poisson’s  ratios  in  the  longitudinal  and 
transverse  uniaxial  direction  (see  reference  1 24,  Vol  1 , 
Design).  The  literature  data  available  on  these  key  proper- 
ties for  composites  within  the  cryogenic  range  are  far  from 
complete,  and  in  some  cases,  non-existent.  Nevertheless, 
available  data  provide  a feel  for  the  magnitude  and  temper- 
ature dependence  of  many  key  properties  and  serve  to  define 
areas  in  which  further  data  are  required. 

For  most  mechanical  properties,  the  data  for  the  graphite- 
reinforced  composites  have  been  separated  from  that  of  the 
other  advanced  composites,  that  is,  those  reinforced  with 
boron  or  PRD  49  (Kevlar  49).  This  reflects  the  larger 
amount  of  available  data  on  the  graphite-reinforced  materials 


Table).  Typical  composite  deniities 


Compxjsite 

system 

Fibre/resin 

ratio 

Density,  lb  in'^ 
(g  cm'^) 

s-glass-epoxy 

0.60-0.67 

0.068-0.074 

(1.87-2.04) 

Kevlar  49-epx)xy 

0.60-0.65 

0.047-0.050 

(1.3-1.38) 

Boron-epoxy 

0.55 

0.070-0.074 

(1.93-2.04) 

Graphite-epxjxy 

0.55-0.60 

0.050-0.055 

(1.38-1.52) 

Boron-aluminum 
(4  mil) 

0.50 

0.10(2.62) 
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Fig.1  Ultimate  tensile  strength,  o*“,  of  graphite-epoxy 
composites 

a - Uniaxial  lonoitudinal:  1 - Thornel  75  : 2 - QY-70 

3 - Thornel  50  *.;4  - HMG  - 50  ‘“;5-  MH-S 
e - Modrnor  I * :7  - Samco  320  * ; 8 - Thornel  25 
9 _ hT-S  ».1  <5.15.13.?, ^6. 10  _ Modrnor  II  11  - HMG-25'* 
b - Uniaxial  transverse;  1 - Thornel  75/ERLB  4617  ; 

2a  - HT-S/NASA  Resin  2 2b  - HT-S/4617  (modified)  '®, 
2c  - HT-S/X-904 


and  the  large  variety  of  graphite  fibres  for  which  data  have 
been  published. 

Composite  tensile  strength 

Fig.  1 summarizes  the  available  data  on  the  temperature  depen- 
dence of  the  ultimate  tensile  strength  of  graphite-reinforced 
epoxy  composites  from  room  temperature  into  the  cryogenic 
temperature  range  for  the  uniaxial  longitudinal  and  uniaxial 
transverse  orientations.  A surprisingly  la^ge  amount  of  cryo- 
genic data  were  found  in  the  literature  for  graphite-reinforced 
materials  58  separate  reports  of  test  data,  each  report  being 
the  average  of  several  tests  on  a given  composite.  Undoubted- 
ly, this  large  effort  reflects  the  desire  to  exploit  the  relatively 
low  cost  of  graphite  fibres. 

The  available  data  summarized  on  Fig.l  indicate  that  graphite- 
reinforced  epoxy  composites  may  suffer  significant  strength 
losses  upon  cooling  to  77  K,  and  as  was  observed  with  the 
glass-reinforced  materials  in  Part  I,  the  strength  behaviour 
below  77  K appears  to  become  erratic. 

Fig. la  indicates  that  the  uniax'al  tensile  strength  obtainable 
in  graphite-reinforced  composites  is  about  30%  of  that  ob- 
tainable with  glass-fibre  reinforcement  in  the  cryogenic  range. 
The  ultimate  tensile  strength  of  composites  tested  in  the  un- 
iaxial longitudinal  mode  should  be  fibre  controlled;  hence, 
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the  tensile  strengths  should  inversely  follow  the  modulus  of 
the  fibre.  This  trend  is  not  reflected  in  the  data  of  Fig. la  - 
indeed  the  averaged  data  indicate  the  converse;  higher 
strengths  are  associated  with  higher  modulus  fibres  and 
lower  strengths  with  lower  modulus  fibres.  However,  a more 
detailed  examination  of  the  data  averaged  into  these  curves 
shows  that  the  expected  correlation  does  exist  if  one  con- 
siders only  the  higliest  strength  values  reported  for  each 
modulus  range.  Thus,  the  highest  overall  ultimate  strength 
at  77  K was  147  x 10^  lb  in'^  (1.01  GPa)  reported  for  the 
low  modulus  HT-S  graphite  fibre  in  X-904  resin. The 
next  highest  was  130  x 10^  lb  in'^  (0.90  GPa)  reported  for 
HMG-50  in  a flexibilized  <'poxy  matrix  *<i  for  Modrnor  1 and 
for  Samco  360  in  modified  ERL  1 156,®  all  medium  modulus 
fibres,  while  126  x 10^  lb  in'^  (0.87  GPa)  was  the  maximum 
reported  for  the  high-modulus  Thornel  75  fibre  in  ERLB 
4617.*'  This  suggests  that  the  higher  strengths  normally 
associated  with  the  lower  modulus  fibres  may  have  been 
lost  in  the  averaging  process  due  to  variations  in  composite 
quality  or  perhaps  due  to  difficulties  in  obtaining  valid  ten- 
sile fractures.  Additional  evidence  that  the  test  method  is 
capable  of  affecting  the  results  is  found  in  the  work  of 
Larsen  and  Simon  '<i  who  report  almost  diametrically 
opposite  temperature  dependence  of  the  ultimate  tensile 
strength  for  NASA  Resin  2 and  ERLB  4617  epoxy  rein- 
forced with  HT-S  fibre  when  each  was  tested,  first  as  flat 
tensile  coupons  and  subsequently  as  NOL  (Naval  Ordnance 
Laboratory)  ring  specimens.  NASA  2 resin  is  a bisphenol 
A epoxy  system  modified  for  low  temperature  flexibility  by 
means  of  a long-chain  anhydride  and  a high  molecular  weiglit 
tricarboxy  acid.  This  resin,  consisting  of  Epon  828/DSA/ 
Einpol  1040/BDMA  in  proportions  100/1 15.9/20/1  pbw, 
was  developed  by  Soffer  and  Molho  * under  NASA 
Sponsorship. 

The  uniaxial  longitudinal  tensile  strength  data  for  other  types 
of  advanced  composites  are  presented  in  Fig.2a.  The  data 
for  PRD  49-epoxy,  boron-epoxy,  boron  (Borsic)-aluminium, 
stainless  steel-aluminium,  and  the  hybrid  Borsic-steel- 
aluminium  and  Borsic-titanium-alumiiiium  composites  all 
have  higlier  absolute  values  of  tensile  strength  and  retain 
their  strength  to  lower  temperatures  than  do  the  graphite- 
reinforced  composites.  Data  for  Borsic  and  boron-fibre 
composites  have  been  combined  except  where  differences 
in  reported  values  justified  separating  the  data.  The  hybrid 
Borsic-steel-aluminium  (606 1 ) composite  contained  4.2  mil 
Borsic  fibres  in  the  tensile  direction  and  stainless  wires  in  the 
transverse  direction.  The  hybrid  Borsic-titanium-ahiminium 
(6061)  composite  contained  4.2  mil  Borsic  fibres  in  the  ten- 
sile direction  with  |3-3Ti  foil  interleaved  between  the  boron 
lamellae.'^  While  the  latter  two  composites  are  not  strictly 
uniaxial,  they  have  been  included  to  illustrate  the  interesting 
possibilities  of  hybrids. 

The  magnitude  and  temperature  dependence  of  the  ultimate 
tensile  strength  of  the  graphite  HT-S/polyimide  (Skybond 
703)  material  were  comparable  to  that  of  the  graphite- 
epoxies.  A very  sharp  rise  in  strength  on  cooling  was  re- 
ported for  the  HT-S/epoxy-phenolic  (HT424  Primer). 

The  stainless  steel  reinforced  composite  contained  NS-355 
stainless  wires  in  a 2024  aluminium  alloy  matrix.  This  type 
of  composite  is  available  commercially  on  special  order; 
however,  it  has  not  received  wide  acceptance  in  view  of  the 
wider  availability  of  boron-reinforced  aluminium,  which  has 
similar  strength  properties. 

Boron-aluminium  composites  are  available  commercially  with 
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Fig. 2 Ultimate  tensile  strength,  o™,  of  miscellaneous  advanced 
composites 

a - Uniaxial  longitudinal:  1 - PRD  49-1 /epoxy  ' ' ; ,, 

n L.  13  22  47  53,5S.M  . , UT  c/r^l„«IH. 

2 — boron-epoxy 3 — HT-S/polymide 


UUf xy , a — II  I -w/^fSJ»ymiuc  , 

HT-S/epoxy-phenolic  **:  5 - be. on-aluminium  (6061) 

7 - Borsic-titaiiium- 

B - 


6 — Borsic-steel-aluminium  (6061 
aluminium  (6061 ) B - stainless  steel-alurninium  (2024) ' 
b — UniaxicI  transverse:  1 - boron-epoxy  ■ ' ; 2 - boron 
aluminium  (6061)  ‘^;3  - Borsic-titanium-aluminium  ' 


either  4 or  5.6  mi)  boron  or  Borsic  reinforcement,  wliile  8 
mil  boron  fibes  are  currently  being  studied.  Available  liter- 
ature values  of  uniaxial  tensile  strength  at  77  K ranged  from 
163-202  X 10^  lb  in'^  (1.12-1.39  Gl’a),  with  highest  values 
reported  for  5.6  mil  Borsic/6061.'^  Data  were  no  available 
for  any  other  aluminium  alloy  matrix.  Boron-epoxy  com- 
posites containing  either  4 mil  or  5.6  mil  fibre  arc  coinnier- 
cially  available  in  the  form  of  prepreg  tape,  that  is,  with  the 
plastic  matrix  partially  cured  to  facilitate  component  fabric- 
ation and  to  improve  composite  quality.  The  literature  values 
for  boron  epoxy  composites  tested  in  the  longitudinal  dir- 
ection at  77  K varied  from  167  226  x 10^  lb  in‘^(1.15-1.56 
GPa),  the  highest  value  being  reported  for  the  commercial 
SP-272  product.'^ 

PRD  49  (Kevlar  49)  is  a relatively  new  type  of  organic  fibre. 
Present  data  indicate  that  this  fibre  in  an  epoxy  matrix  is 
capable  of  developing  tensile  strengths  at  cryogenic  temper- 
atures comparable  to  that  developed  with  the  graphite 
fibres.  Hoggatt  reports  NOL  ring  ultimate  strengths  of 
146  X 1Q3  lb  in'2  (1.0  GPa)  for  PRD49-1  in  a NASA  Resin 
2 matrix  and  183  x 10^  lb  in'^  (1 .26  GPa)  in  an  ERLB 
4617  matrix  at  20  K.  There  is  some  evidence  of  a slight 
decrease  in  strength  on  cooling  to  77  K;  however,  available 
data  indicate  that  the  ultimate  tensile  strength  of  this 


material  is  relatively  independent  of  temperature  within  the 
cryogenic  range. 

The  hybrids  Borsic-steel-aluminium  and  Borsic-titanium- 
aluminium  complete  the  group  of  advanced  composites  that 
has  reasonably  high  strength  in  uniaxial  tension.  The  some- 
what lower  strength  of  these  hybrids,  compared  to  the  con- 
ventional boron-aluminium  composite,  reflects  the  reduced 
density  of  boron  fibres  in  the  loading  direction. 

Metal-matrix  composites  are  clearly  superior  to  polymer- 
matrix  composites  in  transverse  mechanical  properties.  As 
seen  in  Fig.2(b),  the  ultimate  uniaxial  transverse  tensile 
strength  of  boron/6061  aluminium  is  about  50%  higlierthan 
that  of  boron-epoxy.  Addition  of  titanium  foil  to  the  boron- 
aluminium  further  increases  the  transverse  strength  at  295  K 
and  200  K;  however,  the  effect  appears  to  diminish  rapidly 
as  the  material  is  cooled  to  77  K.  While  the  transverse 
strength  of  the  conventional  boron-epoxy  composite  is 
much  lower  than  that  of  the  metal-matrix  materials,  values 
are  still  in  excess  of  those  developed  with  the  graphite  fibre 
reinforcement. 

Tlie  boron/6061  aluminium  data  reviewed  here  reflects  the 
as-fabricated  (F)  condition.  Solution-treating  and  aging  the 
composite  increase  the  transverse  ultimate  strength  by  about 
30%.  with  a slight  decrease  in  transverse  ductility.'^ 

The  literature  reported  a 77  K transverse  ultimate  strength  of 
14.2  X 10^  lb  in'^  (97  MPa)  for  4.2  mil  Borsic/6061  alumin- 
ium and  a somewhat  higher  value  of  24.9  x 10^  lb  in'^  (172 
MPa)  for  5.6  mil  boron  reinforcement.'^  It  is  also  probable 
that  this  strength  difference  is  real;  however,  available 
data  also  indicate  that  the  observed  difference  may 
be  due  to  residual  stresses  inherent  in  the  small  diameter 
fibre  rather  than  to  the  presence  or  absence  of  a silicon  car- 
bide coating.  The  reader  is  referred  to  the  section  on  ultin 
ate  tensile  strain  for  further  discussion  of  this  subject. 


Composite  tensile  modulus 

Tire  primary  reason  for  development  of  advanced  composites 
is  the  high  modulus  obtainable  with  the  newer  types  of  fibre 
reinforcement.  In  contrast  to  a maximum  of  about  10  x 10* 
lb  in'^  (69  GPa)  for  glass-reinforced  composites  in  the  fibre 
direction.  Figs  3a  and  4a  show  that  moduli  ranging  from 
30-40  X 10*  lb  in'^  (207-276  GPa)  arc  obtainable  with 
several  of  the  advanced  fibre  composites.  Thus,  while  glass- 
reinforced  composites  may  at  their  best  equal  the  modulus 
of  aluminium,  the  modulus  of  composites  using  advanced 
fibres  may  at  their  best  equal  and  often  exceed  that  of  steel. 

Looking  first  at  the  graphite-epoxy  composites,  Fig.3a  shows 
that  the  uniaxial  longitudinal  modulus  of  the  composite  does, 
on  the  average,  reflect  the  modulus  of  the  fibre  when  tested  in 
the  uniaxial  longitudinal  mode.  The  available  data  indicate 
that  the  modulus  of  the  Thornel  75  composite  (the  only  re- 
presentative of  the  higli  modulus  fibers)  declines  to  about 
that  of  the  medium  modulus  fibres  at  77  K.  With  this  excep- 
tion, the  average  data  indicate  that  the  moduli  in  the  fibre 
direction  slightly  increase  on  cooling  to  77  K.  No  correlation 
is  observed  between  fibre  modulus  and  transverse  composite 
moduli  in  Fig.3b;  indeed,  none  is  expected,  as  the  latter  is 
controlled  by  the  properties  of  the  matrix  and  by  the  fibre- 
matrix  interfacial  bond  strength. 

A comparison  of  Figs  3a  and  4a  shows  that  the  uniaxial  longi- 
tudinal modulus  of  graphite-epoxy  composites  may  exceed  that 
of  any  other  type  of  advanced  composite  when  certain  graph- 
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Fig. 3 Initial  tensile  modulus,  E\,  of  graphite-epony  composites 
a — Uniaxial  longitudinal:  1 — Thornel  75  — Thornal  50  , 

3 - Modmor  I ®;  4 - Sancom  320  ^ 5 - HT-S  6 - 

HMG-25* 

b — Uniaxial  transverse'.  1 — Thornel  75/ERLB  4617  ; 

2e  - HT-S/NASA  Resin  2 '”;2b  - HT-S/4617  (Modified): 

2c  - HT-S/X-904 


ite  fibres  are  used.  However,  a comparison  of  Figs  3b  and 
4b  shows  that  the  uniaxial  transverse  tensile  moduli  of 
graphite-epoxy  composites  are  much  iower  than  that  develop- 
ed by  the  other  advanced  composites  over  the  entire  cryogenic 
temperature  range. 

A closer  look  at  the  literature  d ito  from  which  Fig.3a  was 
prepared  revealed  that  an.ong  ;ie  medium  modulus  tibres, 
the  modulus  at  77  K was  39—43  x 10*  lb  in'^  269  297 
GPa)  for  Samoo  360;  the  highest  valu'  being  reported  with 
a modified  FRL  2256  resin.®  The  Modmor  I fibre  produced 
almost  as  high  moduli,  ranging  from  32  -42  x 10*  lb  in'^ 

(221  290  GPa),  with  the  highest  values  reported  for  a 
NASA  Resin  2 composite  ® (Note  that  these  same  fibres 
developed  high  uniaxial  tensile  strengths).  A distinctly 
lower  range  of  26-33  x 10*  lb  in’^  (179—228  GPa)  was 
reported  for  Thornel  50;  the  highest  values  were  for  a 
modified  ERL  2256  composite.®  among  the  low  modulus 
fibres,  HT-S  (the  most  tested  fibre)  produced  15-20  x 10* 
lb  in'^  (103-138  GPa),  the  highest  value  being  reported 
with  X-904  resin,*®  while  17  22  x 10*  lb  in’®  (117-152 
GPa)  was  the  reported  range  for  HMG-25,  the  highest  values 
being  obtained  in  a NASA  Resin  2 matrix.® 

As  the  transverse  modulus  properties  are  matrix  dominated. 
Fig..' b shows  significant  differences  for  the  same  HT-S  fibre 
in  different  epoxies.  The  illustrated  data  are  for  the  same 
composites  as  appear  In  Fig. lb.  Here  the  lower  moduli  of 
the  HT-S/NASA  Resin  2 and  the  HT-S/4617  (modified)  are 
due  to  the  additions  of  flexlblllzers  and  elastomers  to  the 


epoxy  resin,  while  the  highest  modulus  was  developed  with 
the  conventional  X-904  matrix.  In  gener.I,  the  transverse 
modulus  increases  with  decreasing  temperature.  A lower 
composite  modulus  value  was  reported  for  the  lugh-modvlus 
Thornel  75  fibre  in  ERLB  461 7 resin  than  for  the 
HT-S/X-904  combination. 

Leaving  the  graphite-reinforced  compo».tes  ;.nd  turning  to 
those  reinforced  with  other  advanced  fibres,  v'c  observe  n 
Fig.4a  that  the  uniaxial  longitudinal  moduli  reported  for 
the  boron-epoxy,  the  boron-ahiminium  and  tl  e hybrid 
Borsic-titanium-aluminlum  and  Bors'r-steel-aliniiinium 
composites  all  cluster  around  30  -35  x 10*  lb  in’®  (20/-242 
GPa)  with  little  temperature  dependence.  Tu  PRD  49/ 
epoxy  modulus  is  reported  to  be  significantly  lower,  at 
16-18  X 10*  lb  in’®  (110-124  GPa),  but  m.dergoi.'.g  a 
significant  rise  between  77  K and  20  K.  1;  general,  these 
uniaxial  longitudinal  moduli  values  compa  ‘e  favourable 
with  those  of  the  graphite-epoxies. 

The  uniaxial  transverse  moduli  are  another  matter.  As  seen 
in  Fig.4b,  the  transverse  moduli  of  the  aluminium-matrix 
materials  are  far  higher  than  those  of  the  graphite-epoxies 
and  arc,  in  fact,  almost  twice  as  high  as  that  of  unreinforced 
6061  aluminium.  The  transverse  moduli  of  the  boron-epoxy 
is  much  lower  than  that  for  the  same  fibre  ir.  an  aluminium 
matrix,  out  is  still  almost  twice  that  of  the  graphite-epoxy 
materials.  These  data  reflect  the  contributi.  ;i  mad  b> 
fibre-matrix  interface  to  the  transverse  r odulus. 


Fig. 4 Initlel  tensile  modulus,  B\,oi  miscellaneous  advanced 
composites  j 

a - Uniaxial  longiiudinal:  1 - boron-epoxy  2 - PRD  49- 
1/epoxy  *’'**;3  - boron-aiuminium  (6061)  ®;4  - Borsic- 
tltaniurn^luminium  (6061)  5 — Borsic-itaal-aluminium 

(6061)*’ 

b - Uniaxial  transvarse;  1 - bpron-apoxy  (SP-272,  Narmco  6606)°* 
2 - boron-aluminium  (6061 ) ’;  3 - Boriic-titanium-elumlnium 
(6061l*’:4  - ■iorslc-staei-aluminium  (6061)” 
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Flg.5  Ultimata  corroretsiva  strength,  of  advanced 
composites 

a — Uniaxial  longitudinal:  1 — HT-S/X-904  * ; 2 — boron-epoxy*' 
(SP-272,  F'armco  55051;  3 - boron-aluminium  (6061 1; 

4 - Bofsic-titenium  aluminium  (0061 1 5 — Borsic-stael- 
aluminium  (6061 ) 

b - Uniaxial  longitudinal:  1 - HT-S/X-904  2 -j-tooron-epoxy  *' ; 

(Narmco  5505,  SP-272)  * ; 3 - boron-aluminium 


Looking  in  more  detail  at  the  uniaxial  longitudinal  data,  we 
find  that  the  boron  (Borsic)-aluminiu'..  data  ranged  fro.n 
30.4-36,2  iO*  lb  in'^  (210-250  GPa)  with  little  tem- 
perature dependence.  These  data  combine  values  obtained 
from  fibres  of  4 mil  and  5.6  mil  diameter  in  the  two  produc- 
tion variants,  as  no  significant  difference  was  reported  for 
these  materials.  The  boron-epoxy  data  represent  average 
results  reported  by  Nadler  et  al  on  SP-272  and  Narmco 
5505  (data  range  was  not  available).  The  hybrids,  Borsic- 
titaniuiii-aluminium,  and  Borsic-steel-aluminium,  were  the 
same  corrposites  discussed  in  reference  to  the  tensile  data 
of  Fig.2a.  Tlie  slightly  lower  uniaxial  tensile  modulus  of 
the  hybrids  compared  to  that  of  the  conventional  bor'.n- 
aluminium  reflects  the  lower  density  of  fibres  in  the  stress 
direction  in  the  hybrids. 

The  PRD  49  data  reflect  input  from  both  an  ERLB  4617 
and  a NASA  Resin  2 matrix. The  ERLB  46 17  com- 
posite produced  a slightly  increased  tensile  modulus  at  all 
temperatures,  its  value  being  18.5  x iO*  lb  in'^  (128  GPa) 
at  77  K.  compared  to  i 7.5  x 10*  lb  in‘^  (121  GPa)  for  the 
NASA  Resin  2.  A large  rise  in  modulus  between  77  K and 
20  K was  reported  for  both  matrices. 

Considering  the  transverse  data  of  Fig.4b  in  more  detail, 
we  obrerve  that  the  three  aluminium-matrix  composites 
have  similar  moduli,  about  20  x 10*  lb  in'^  (138  GPa). 

The  boron-aluminium  data  was  again  the  average  of  data 
obtained  from  4.2  mil  Borslc  and  5.6  mil  boron,  similar 


values  being  reported  for  each  variant,  llie  boron-epoxy 
data  of  Fig.4b  again  reflect  the  average  values  obtained 
from  the  commercial  SP-272  and  Narmco  5505  materials.®' 

Compoiitc  compresiive  strength  and  modulus 

Data  on  the  compressive  properties  of  advanced  composites 
at  cryogenic  temperatures  were  also  relatively  sparse.  Those 
which  were  available  appear  in  Figs  5 and  6,  combining  the 
graphite-epoxy  data  with  those  of  the  other  composite 
types. 

These  data  show  that  the  advanced  composites  have  signi- 
ficantly higher  compressive  strengths  and  moduli  than  those 
of  the  glass-reinforced  composites.  Comparison  of  Fig.5 
with  Figs  i and  2 also  shows  that  the  compressive  strengths 
are  iOO-200%  higher  than  the  tensile  strengths  for  the  sail'" 
composites. 

The  highest  uniaxial  longitudinal  compressive  strength, 
more  than  200%  above  that  obtainable  with  glass  reinforce- 
ment, was  reported  for  the  commercial  boron-cpo.vy  types 
SP  272  and  Narmco  5505.**  The  compressive  strength  of 
this  composite  class  was  observed  to  increase  on  cooling  to 
77  K.  Boron-aluminium  reportedly  has  a comparatively 
lower  uniaxial  compressive  strength.  The  latter  data  retied 
Input  from  both  4.2  mil  Borsic  and  5.6  mil  boron-fibre 
composites.'®  A slightly  higher  strength  was  reported  tor 
the  5.6  mil  composite,  but  not  sufficiently  to  justify  a sep- 
arate plot.  Again,  the  Borsic-titanium-aluminium  and 
Borsic-steel-aluminium  hybrids  developed  strengths  some- 


Fig.6  Compressive  modulus,  f * of  advanced  composites 
a — Uniaxial  iongitudinel:  1 - HT-S/X-904  2 — boron-epoxy 

(Narmco  5506  SP-272)*' ; 3 - boron-eigminium  (6061 1 '®; 

4 - Bor’ic-rltinlum-eluminium  (6061)  ' ; 5 - Borslc-steal- 
eluminlum  (6061 ) ' 

b — Uniexiel  treniverse:  1 - HT-S/X  904  ' ; 2 — boron  epoxy 
(Nermco  5506,  SP-272)"' ; 3 - boron-eluminium  (6061) 
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what  below  that  of  the  conventional  boron-aluminium,  le- 
fleciing  the  decreased  density  of  boron  fibres  In  the  stress 
direction.  Lowest  uniaxial  longitudinal  compressive  strengths 
were  reported  for  the  HT-S/X-904  graphite-epoxy  composite; 
however,  this  composite  developed  a compressive  strength 
about  twice  that  developed  in  tension  and  about  40%  higher 
than  that  available  with  glass  reinforcement.  The  compres- 
sive strength  of  the  graphite-epoxy  composite  was  reportid 
to  increase  with  cooling,  in  contrast  to  the  tensile  behaviour. 

The  available  data  on  the  transverse  compressive  .strengths 
of  boron-epoxy,  boron-aluminium,  and  graphite-epoxy  com- 
posites are  co;;ipared  on  Fig.Sb.  These  composites  appear 
in  the  same  relative  order  of  strength  as  in  the  longitudinal 
test  mode.  The  commercial  SP-27?  and  Narmco  5505 
boron-epoxy  products  display  substantial  increases  in  com- 
pressive strength  on  cooling.  Lesser  increases  are  observed 
in  the  boron/aluminium  and  in  the  HT-S/X-904  giaphite- 
epoxy  composite. 

The  compressive  modulus  of  a given  composite  is  expected 
to  be  the  same  as  the  tensile  modulus.  This  is  found  to  be 
generally  true  for  the  HT-S/X-904  graphite-reinforced  mater- 
ial, for  the  boron-epoxy,  for  the  Borsic-aluminium  compos- 
ites, and  for  the  Borsic-stecl-aluminium  hybrid,  as  may  be 
seen  by  comparing  the  compressive  moduli  of  Fig.6a  with 
the  tensile  moduli  of  the  same  composites  on  Fig  3 and  4. 

The  Borsic-titanium-aluminium  data  are  at  variance  with 
this  principle,  as  the  reported  compressive  modulus  is  about 
30%  higher  than  in  tension.  The  boron-aluminium  and  ‘he 
boron-aluminium  hybrids  again  show  the  highest  longitudinal 
moduli,  with  the  boron-epoxy  only  slightly  lower.  The 
modulus  of  the  HT-S/X-904  graphite-reinforced  composite 
is  again  much  lower  than  that  of  the  boron-reinforced  mat- 
erials. There  does  not  appear  to  be  a significant  temperature 
sensitivity  of  this  parameter.  Also,  as  in  the  tensile  case,  the 
boron-aluminium  is  found  to  have  a higlier  transverse  com- 
pressive modulus  than  either  the  boron-ep  "'y  or  the 
graphite-epoxy  composite. 


Composite  failure  strain 

.Available  data  on  the  temperature  dependence  of  ultimate 
tensile  strain  for  advanced  composites  are  minimal;  all  of 
that  vhich  has  been  published  reflects  the  work  of  Hertz  et 
al.'^  Nevertheless,  these  data  suffice  to  Ulustrate  that  , (a) 
the  strain  at  tensile  fracture  is  very  low  for  the  advanced 
composites,  being  of  the  order  of  1-9  x 10'^  in  the  longi- 
tudinal uniaxial  direction;  and  (b)  the  strain  at  tensile  frac- 
ture is  relatively  independent  of  temperature  within  the 
cryogenic  range.  These  data  are  summarized  on  Fig.7.  These 
strcins  are  about  an  order  of  magnitude  lower  than  those  ob- 
tained with  glass-reinforced  composites,  reflecting  the 
negligible  fracture  strain  of  the  advanced  fibres. 

Fig.7  includes  data  on  one  graphite-reinforced  composite 
(llT-S/X-904j,  on  two  conventional  boron-aluminium  com- 
posites (4.2  mil  Borsic  and  5.6  mil  boron,  both  in  6061 
aluminium)  and  on  the  two  Borsic-aluminium  hybrids  dis- 
cussed previously  with  reference  to  the  other  properties. 

Both  longitudinal  and  transverse  ultimate  fracture  strains 
appear  on  Fig.7. 

Fig.7  indicates  that  the  transverse  fracture  strain  of  the 
HT-S/X-904  graphite-epoxy  composite  will  be  about  2x10’, 
or  about  25%  of  the  longitudinal  strain.  By  comparison,  the 
transverse  fracture  strain  for  the  commercial  HT-S/3002 


Fig.7  Ultimate  tensile  strain,  e'“,  of  advanced  composites 
(uniaxial  tensile)  , 

1 _ hT-S/X-904  ”;2  -4.2  mil  Borsic-aluminium  (6061)  ; 

3 — 5.6  mil  boron-aluminium  (6061 )'  ; 4 — 4.2  mil  Borsic- 
titanium-aluminium  (6061 ) * ; 5 — 4.2  mil  Borsie-steel- 
aluminium  (6061)  ” 


gruphite-epoxy  composite  Is  reported  to  be  7.8  x 10"’, 
only  sliglitly  less  than  its  longitudinal  fracture  strain  of  8.6 
X 10"’.  The  Interfacial-bond  strength  between  the  fibre  and 
matrix  in  the  HT-S/3002  composite  was  undoubtedly  sup- 
erior to  that  existing  in  the  HT-S/X-904  composite. 

Fig.7  shows  that  a 5.6  mil  boron/6061  aluminium  com- 
posite is  expected  to  fail  at  about  the  same  strain  in  both 
the  longitudinal  and  transverse  directions.  The  4 2 mil 
Borsic/6061  composite  is  expected  to  fail  at  a much  lower 
strain  when  tested  in  the  transverse  direction.  Hertz  et  al  ” 
found  that  the  4.2  mU  Borsic  fibre  was  failing  by  longitud- 
inal fibre  splitting  during  transverse  testing,  while  such  split- 
ting did  not  occur  in  the  larger  diameter  fibre.  The  authors 
concluded  that  the  problem  was  related  to  the  use  of  plasma- 
spraved  tape.  Higher  transverse  strains  were  observed  in  the 
same  type  of  composite  when  diffusion-bonded  tape  was 
used  to  make  the  test  specimens.  They  concluded  that 
diffusion-bonded  boron-aluminium  tape  was  superior  for 
oriented-ply  applications.  Kreider  and  Prewo  has  pro- 
posed an  alternative  explanation  for  longitudinal  splitting 
of  the  small  diameter  boron  fibres,  citing  results  of  diametral- 
compression  tests  of  individual  fibres,  which  indicate  that 
such  splitting  reflects  strength  anisotropy  in  the  small  fibres 
due  to  residual  stresses  retained  from  the  original  fibre 
manufacturing  process  and  from  pre-existinf  fiaws  in  the 
fibres.  Suen  anisotropy  was  not  observed  in  the  larger  fibres. 
Fibre  splitting  was  not  directly  related  to  the  presence  or 
absence  of  a silicon  carbide  coating  on  the  fibres.  (Manu- 
facturers of  boron-aluminium  tape  report  that  current  fab- 
rication technology  has  overcome  the  problem  of  fibre 
splitting) 

The  Borsic-titanium-aluminium  hybrid  reportedly  developed 
highfr  strain  values  in  both  directions  than  did  the  conven- 
tional 4.2  mil  Borsic-aluminium,  but  lower  values  than  that 
of  the  composite  reinforced  with  5.6  mil  boron.  The  borsic- 
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Fig,8  Ultimate  compressive  strain,  of  gr|^hite-epoxy 
composites:  jr>axial  compression  HT-S/X  904 

steel-aluminium  hybrid  shows  clearly  the  Increase  in  trans- 
verse strain  capability  due  to  the  presence  of  stainless  wires 
oriented  in  this  direction.  The  longitui  inal  strain  of  this 
hybrid  did  not  appear  to  be  significantly  affected  by  the 
transverse  reinforcement. 

The  only  data  available  on  the  temperature  dependence  of 
compressive  strain  within  the  cryogenic  temperature  range 
was  for  the  HT-S/X  'iCW  graphite-epoxy  composite,  again 
reflecting  the  woi  i T Hertz  et  al.*^  These  data,  Fig.8, 
indicate  an  increasing  compressive  strain  capability  for  this 
composite  type  as  the  temperature  is  lowered,  with  a sub- 
stantially higher  strain  capability  in  the  transverse  direction. 
As  in  the  tensile  case,  these  strain  values  are  substantially 
lower  than  those  reported  for  an  HT/S/3002  graphite- 
reinforced  composite. 

Composite  in-plane  shear  strength  and  modulus 

The  key  shear  properties  are  the  in-plane  ultimate  strength 
and  modulus,  sometimes  referred  to  as  the  intralaminar  or 
longitudinal  shear  properties  The  requirements  for  obtain- 
ing valid  shear  property  data  are  the  same  as  for  metals,  that 
is,  values  must  reflect  pure  shear  resolved  onto  a 45  shear 
plane  with  respect  to  the  tensile  axis  without  significant 
compressive  or  tensile  forces  normal  to  the  shear  plane. 
Three  shears  may  be  defined  in  a bulk,  uniaxial  composite 
laminate.  Most  important  are  the  two  longitudinal  shears 
represented  by  shear  between  parallel  fibres  in  the  plane  of 
the  fibres.  For  example,  taking  thex  axis  parallel  to  the 
fibres,  longitudinal  shear  strengths  may  be  defined  as 
o*JJ  or  o*“  ; however,  in  thin  laminates,  only  one  such  in- 
pfane  shear  is  of  consequence.  A third  shear,  which  is  trans- 
verse or  cross-fibre,  is  not  an  important  composite  design 
parameter. 

It  is  important  to  distinguish  between  in-plane  or  intrala- 
minar shear  defined  as  above  and  interlaminar  shear,  which 
refers  to  shear  between  adjacent  layers  in  a layered  com- 
posite. The  latter,  sometimes  called  horizontal  shear,  is 
not  a basic  material  property  and  is  used  primarily  as  an 
adjunct  to  quality  control  or  in  material  screening  tests. 
Because  the  test  is  simple  and  inexpensive,  a large  amou  t 
of  interlaminar  shear  data  have  been  reported. 

In-plane  sh.'ar  is  a difficult  property  to  measure  accurately 
because  of  the  necessity  of  avoiding  extraneous  compressive 


or  tensile  stresses  on  the  shear  plane,  The  torque  tube 
(torsion)  method  works  well  but  is  expensive.  Consequently, 
somewhat  simpler  methods  such  as  the  ‘rail  shear’  or  the 
*+  45°  laminate’  test  have  been  devised.  The  inteiested 
reader  can  find  discussions  of  the  relative  merits  of  these 
latter  methods  in  ASTM  STP  Vols460, 497,  and  546. 

Few  data  are  available  on  the  in-plaiie  shear  properties  of 
composites  at  cryogenic  temperatures.  Hertz  et  al  ‘ ^ report 
a decrease  In  the  shear  strength  of  HT-S/X-904  graphite- 
epoxy  from  8 592  lb  in"^  (60  MPa)  at  295  K to  7 378 
lb  in’^  (5 1 MPa)  at  77  k,  using  the  torsion  lube  test  method. 

A concomitant  shear  modulus  increase  from  7.27  x 10® 
lb  In'^  ( 1 0.5  GPa)  was  reported.  Obviously,  much  additional 
in-plane  shear  data  are  required  before  trends  in  the  cryo- 
genic temperature  dependence  of  shear  properties  can  be 
defined.  Room  temperature  values  of  shear  strengths  and 
moduli  are  reportedly  about  18  x 10^  lb  in’^  (124  MPa) 
and  9.5  X 10*  lb  in'^  (65  GPa),  respectively,  for  boron- 
aluminium,  while  values  for  boron-epoxy  are  about  15x10® 
lb  in'2  (124  MPa)  and  7 x 10®  lb  in'^  (0.48  GPa),  respective- 
ly.'^^ Reported  room  temperature  values  for  the  shear 
strength  of  graphi.t  epoxy  composites  vary  from  9-13  x 
10®  lb  in'®  (62  MPa)  with  a modulus  of  about  6.5  x 10® 
lb  in'®  (0.45  GPa),  the  variation  In  strength  reflecting  variation 
in  properties  of  the  graphite  fibre  used  in  the  composite.  As 
most  of  the  other  mechanical  properties  of  boron-aluminium 
and  boron-epoxy  composites  either  remain  unaffected  or 
increase  upon  cooling  to  cryogenic  temperatures,  these 
room  temperature  values  likely  represent  conservative  values 
for  such  materials  at  the  lower  temperatures.  However, 
confimiation  must  await  further  testing  at  the  cryogenic 
temperatures. 

Secondary  static  mechanical  properties 

The  properties  discussed  in  this  section  are  classified  as  se- 
condary only  in  that  they  are  not  generally  useful  in  a pre- 
dictive design  analysis  using  macromechanics  composite 
theory.  However,  such  secondary  properties  are  importam 
in  other  ways.  Because  womposites  are  largely  fabricated  in 
situ,  a large  number  of  options  are  available  among  fiore  (or 
combinations  of  fibres)  and  matrix  materials.  Optio  ns  are 
also  available  in  fabrication  procedure.  It  is  necessary  to 
efficiently  evaluate  various  combinations  in  a meauingful 
comparative  manner  in  order  to  optimize  the  fir  al  selection. 
Furthermore,  having  made  a selection,  it  is  necessary  to 
have  viable  techniques  for  measuring  the  consistency  of 
composite  quality  over  a production  run.  For  such  objec- 
tives, the  flexure  test  and  the  interlaminar  shear  test 
(usually  also  performed  in  flexure)  are  relatively  inexpen- 
sive and  informative.  Additionally,  there  are  properties  that 
are  classed  as  secondary  only  in  that  the  results  are  specific 
to  a given  geometry  as,  for  example,  bearing  yield  suv.ngth. 

Composite  flexural  strength  and  modulus 

The  flexure  test  requires  that  a bar  or  plate  specimen  be 
supported  near  its  ends  while  deflected  by  a moving  ram  at 
its  cenre,  providing  symmetrical  three-point  loading.  Dimen- 
sions of  the  fixture  and  specimen  are  proportioned  to  deve- 
lop maximum  stress  in  the  oute-  (tension)  fibres  as  flexure 
progresses.  Fibres  run  lengthwise  along  the  specimen,  that 
is,  between  the  supports,  in  uniaxial  longitudinal  flexure  and 
across  the  specimen  in  uniaxial  transverse  flexure. 

Fewer  data  were  available  on  the  temperature  dependence  of 
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Fig, 9 Ultimate  flexural  strength,  of  araphite-epoxy  composites 
a - Uniaxial  longitudinal:  1 — G Y-70  * * * ; 2 - Thornel  BQ  : 

3 Courlaulds  HM  ; 4 — Fibralloy  300  ; 5 — HT-S  ' * 

6 - Modmor  II  7 - HMG-25  ^ 

b • Uniaxial  transverse'  1 ~ Modmor  11/1004  ' ; 2 - HT  S/1004  ■ 

3 - HT-S/BSP-2401  ‘\-4  - HT-S/X-904  , ' :5  - HTS/3002/ ’ ; 
6 -GY-70/1004  7 - GY-70/E-350A  '•’;8  - GY-70'X-904  ' • 


tl’.e  Itexural  strength  and  elastic  modulus  than  for  tensile 
properties;  furthcrinore,  most  of  those  availaolc  were  re- 
ported for  graphitc-epo.xy  composites,  Fig.9  summaiizcs 
the  llexural  strength  data  for  the  latter,  while  Fig.  10 
sunimari/es  the  available  data  for  other  types  of  reinforce- 
ments or  matrices.  The  minimal  available  data  on  flexural 
modulus  properties  appear  in  Fig,  1 1 . 

Comparison  of  Fig,‘)  with  Fig,  1 shows  that  the  graphite- 
epoxy  llexural  strength  data  span  a much  greater  range  of 
values  ihan  does  the  tensile  strength  data  in  both  the  longi- 
tudinal and  transverse  directions.  The  expected  higlier 
strength  of  the  lower  modulus  fibres  is  more  in  evidence 
for  the  flexural  test  than  it  was  for  the  tensile  test  mode. 

By  far  the  largest  amount  of  data  was  available  for  HT  S/ 
epoxy  composites.  Furthermore,  such  composites  had  the 
higliest  longitudinal  flexural  strength  of  all  the  graphite- 
reinforced  materials  for  which  data  were  available.  Strengths 
were  reported  over  a 1 13-234  x 10^  lb  in'^  (0.78-1.61 
GPa)  range  at  77  K.  This  is  significantly  h x^er  than  the 
325  470  X 10^  lb  in'^  (2.24-3.24  GPa)  range  reported 
for  uniaxial  glass-epoxles  In  Part  1 . These  data  Included 
test  series  designed  to  investigate  cure  cycles,  aging  effects, 
and  environmental  effects. Most  of  the  work  was 
done  with  C-3j0,  X-915,  or  X-904  mat.iuC:,  for  w'nch  the 
average  llexural  strengths  at  77  K were  repotted  to  Oc  very 
similar,  varying  only  from  167-178  x 10-’  lb  in'^ 

(1.15  1.23GPa).‘3 


The  available  data  on  the  IIT-S  fibre  composites  remind  us 
that  processing  variables  arc  important;  in  particular,  those 
variables  that  affect  the  void  content.  Detailed  examination 
of  the  available  data  showed  that  in  84  of  the  89  reported 
test  series,  the  flexural  strength  of  composites  made  with 
HT  S fibre  declined  markedly  on  cooling  to  77  K.  The  live 
series  for  which  strength  increases  were  noted  were  reported 
by  Scheck  to  have  occurred  concomitantly  with  a change 
to  a vacuum-bagging  method  of  fabrication.  This  suggests 
that  at  least  a part  of  the  observed  drop  in  flexural  strength 
on  cooling  might  have  been  due  to  the  presence  of  vjids  in 
the  composites. 

Continuing  this  with  the  other  fibres,  we  observe  on  Fig,9a 
that  the  order  of  decreasing  strength  is  Modmor  II,  GY-70, 
and  Fibralloy  300,  arriving  finally  at  a group  comprising  the 
lowest  reported  strengths  and  consisting  of  Courtaulds  HM, 
ll.MG-25,  and  Thornel  50  fibres.  The  flexure  strength  of 
this  latter  group  is  only  about  a third  that  of  the  HT-S 
fibre  composites.  Among  these  other  fibres,  most  data  were 
available  for  the  high-modulus  GY-70,  for  which  the  spread 
of  values  at  77  K was  85-133  x 10^  lb  in’^  (586-917  MPa); 
the  highest  being  reported  in  X-904  epoxy  resin. 

The  clear  separation  between  the  transverse  flexural 
strengths  of  the  low  modulus  HT-S  composites  and  the  higli 
modulus  GY-70  composites  in  Fig.9b  suggests  that  there  are 
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Fig. 10  Ultimate  flexural  strength,  of  miscellaneous  advanced 
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Table  2.  Comparison  of  ranking  of  specific  uniaxial  Kesin  2.^  A slightly  higher  modulus  was  reported  Tor  the 

graphite-epoxy  composites  by  longitudinal  flexure  strength  latter  at  both  295  K and  77  K. 
and  by  longitudinal  tensile  strength  (77  K) 


Compxjsite 

0^“,  10^  lb  in'^ 

Rank  o>“,  10^  lb  in'^ 

Rank 

A 

178 

1 

147 

1 

B 

172 

2 

87 

6 

C 

167 

3 

103 

2 

0 

146 

4 

45 

8 
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117 

5 

92 

4 

F 

58 

6 

91 

5 

G 

55 

7 

71 

7 

H 

5.- 

8 

93 

3 

differences  in  the  fibre-matrix  bond  strength  between  these 
two  fibre  types,  the  high  modulus  fibre  having  the  poorer 
bonding.  Note  that  X-904  and  1004  epoxies  were  used  with 
both  fibre  types. 

Before  leaving  the  data  of  Fig.9,  it  is  of  interest  to  consider 
whether  or  not  the  literature  data  support  the  contention 
that  the  relatively  inexpensive  flexure  test  may  be  used  to 
obtain  comparative  ranking  of  composite  strength  in  lieu  of 
the  more  expensive  tensile  test.  A visual  comparison  of  the 
data  cn  Fig.9a  with  that  of  Fig. la  is  hardly  convincing. 
However,  such  a comparison  is  i.cbulous  because  these 
graphs  present  data  from  different  composite  types.  To 
clarify  this  question,  the  literature  data  were  examined  more 
closely  and  a comparison  of  ranking  of  strength  in  longitu- 
dinal tension  versus  longitudinal  flexure  was  made  at  77  K 
for  eight  specific  composite  types  (same  fibre  and  matrix) 
for  which  data  were  available.  The  data  are  summarized 
in  Table  2.  Results  suggest  that  the  flexure  test  results  are 
not  a very  good  measure  of  the  relative  tensile  strengths  of 
graphite/epoxy  composites  at  77  K.  Insufficient  data 
existed  for  similar  comparisons  with  other  mechanical 
properties. 

Flexure  data  on  other  types  of  advanced  composites  were 
somewhat  meagre.  Fig.  10  does  indicate  that  the  uniaxial 
longitudinal  flexural  strength  of  boron-epoxy  in  the  form 
of  the  commeicial  SP-272  product  is  much  higher  than  that 
of  the  graphite-epoxies,  although  still  lower  than  that  deve- 
loped with  glass  reinforcement.  A quite  rapidly  declining 
strength  is  observed  on  cooling  to  77  K.  The  latter  effect 
was  no  observed  in  the  comparable  tensile  data  (see 
Fig.2a).  Data  weie  available  for  two  polyimide  composites, 
one  with  the  high  modulus  GY-70  fibre  and  one  with  the 
low  modulus  HT-S  fibre.  Of  these,  the  HT-S  composite  de- 
veloped the  higher  strength.  A small  decrease  in  flexure 
strength  is  evidenced  in  these  composi'es  at  77  K,  but  the 
magnitude  of  the  decrease  is  less  than  that  reported  for 
the  uniaxial  tensile  strength.  Finally,  the  HT-S/epoxy- 
phenolic  (HT424  Primer)  appears  to  possess  acceptable 
flexure  strength  with  little  temperature  dependence,  in 
contrast  to  the  comparatively  low  strength  and  significant 
temperature  dependence  reported  for  the  same  composite 
in  longitudinal  tension  (see  Fig. 2a). 

Very  little  data  were  available  on  the  flexural  modulus. 

Data  for  the  longitudinal  mode  appearing  on  Fig.l  i reflect 
the  modulus  of  the  reinforcing  fib>'es  and  appear  to  agree 
reasonably  well  with  the  moduli  of  the  same  composites  in 
tension.  The  Thornel  50  data  are  an  average  of  data  from 
two  matrix  types,  a modified  ERL  2256  epoxy  and  NASA 


Composite  interlaminar  shear  strength 

Interlaminar  shear  strength  is  the  resistance  to  failure  be- 
tween layers  in  a layered  laminate  along  the  plane  of  their 
interface.  Interlaminar  shear  is  sometimes  measured  by  the 
guillotine  method,  in  which  shear  is  forced  by  the  imposi- 
tion of  opposing  but  offset  cuts  across  the  width  of  a flat 
tensile  specimen.  Alternatively,  the  short-beam  method 
may  be  used.  Here,  the  specimen  resembles  a fiat  flexural 
specimen  but  is  proportioned  to  fail  by  shear  on  the  central 
layers  of  the  composite.  The  guillotine  method  is  reputed 
to  produce  less  scatter.  However,  the  values  obtained  are 
usually  higher  than  those  obtained  with  the  short-beam 
method.  The  latter  method  is  the  most  widely  used.  A 
modification  of  the  short-beam  test  is  used  with  filament- 
wound  NOL  ring  specimens.  Here,  a short  section  of  the 
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Fig.12  Histograms  illustrating  the  reported  range;  of  longitudinal 
interlaminar  shear  strength,  a* 

a — as  reported  for  HT-S/X-304  graphite  -epoxy  at  77  K and 
b — tha  reported  changes  in  interlaminar  shear  strength  in  the  same 
composite  upon  cooling  from  295  K to  77  K 
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ring  (concave  downward)  is  substituted  for  the  flat  speci- 
inent.  Results  of  the  NOL  segment  and  the  flat  short-beam 
tests  arc  not  equivalent. 

A wide  range  of  interlaminar  shear  strength  values  may  be 
obtained  with  a single  composite  type.  Fig.  12a  is  a frequency 
histogram  illustrating  the  range  of  longitudinal  interlaminar 
shear  strength  reported  in  the  literature  for  the  graphite- 
reinforced  composite  HT-S/X-904  at  77  K.  The  substantial 
amount  of  data  available  for  this  composite  reflects  a com- 
prehensive study  of  the  effect  of  processing  variables  by 
Maximovich  and  Scheck.'^  Tliese  data  suggest  that  the 
maximum  interlaminar  shear  strength  obtainable  with  this 
type  composite  is  on  the  order  of  17-  18  x 10^  lb  in'^ 

(117  124  MPa). 

Tlie  data  ol  Maximovich  and  Sclieck  ma>  be  analysed  fur- 
ther to  determine  what  this  relatively  large  body  of  data 
can  tell  statistically  about  the  temperature  dependence  of 
interlaminar  shear  strength.  From  the  frequency  histogram 
of  Fig.  12b,  we  observe  that  the  reported  change  in  this  para- 
meter upon  cooling  from  295  K to  77  K approximates  a 
normal  distribution  around  zero  change,  suggesting  that 
interlaminar  shear  strength  is  relatively  independent  of 
temperature  for  this  composite  over  this  temperature 
range.  However,  a more  detailed  look  at  the  data  shows 
that  those  composites  at  the  high  end  of  the  strength  range 
increased  their  interlaminar  shear  strength  by  about 
4 000  lb  in'^  (27  MPa)  between  295  K and  77  K,  suggesting 
that  the  temperature  dependence  is  affected  by  composite 
quality. 

Cryogenic  interlaminar  shear  strength  data  have  been  pub- 
lished for  other  graphite-epoxy  composites  and  for  bore  •- 
"poxy,  PRD  49-epoxy,  und  for  boron-alumtnium.®’'”''^'^''’*® 
However,  available  data  are  insufficient  for  statistical  exam- 
ination. One  fitids  that  the  reported  77  K interlaminar  shear 
strengths  for  graphite-epoxy  composites  made  with  ten  fibre 
types  other  than  HT-S  range  from  about  4-18  x 10^  lb  in  ^ 
(27-124  MPa),  that  is,  covering  about  the  same  range 
covered  by  the  iiT-S  data  of  Fig.  12a. 

Somewhat  surprisingly,  available  data  on  boron-epoxy 
atid  boron-aluminium  composites  suggest  that  the  maxi- 
mum ititerlaniinar  shear  strengths  of  these  composites  are 
ahtiost  the  same  as  for  the  best  of  the  graphite-epoxy  com- 
posites, that  is,  about  18  x 10^  lb  in'^  ( 124  MPa)  at  77  K 
with  about  a 4000  lb  in'^  (27  MPa)  increase  between  295  K 
and  77  K. 

Tlie  onl>  data  on  the  interlaminar  shear  strength  of  PRD 
4'7-epo.\y  composites  are  those  of  Hoggatt  sv,60  fep^)|•^- 

ed  NOL-ring  segment  values  of  approximately  400  lb  in'^ 

(27  MPa)  in  both  FRLB  4617  and  NASA  Resin  2 matrices. 
Values  obtained  with  the  latter  of  these  were  found  to  be 
consistently  higlier  by  40-70%.  Very  little  temperature 
dependence  was  observed.  It  is  perhaps  noteworthy  that 
the  higliest  .diear  strengths  reported  for  the  graphite-epoxy 
composites,  21  x 10'’  lb  in'^  ( 145  MPa),  was  also  ootained 
with  NASA  Resin  2 epoxy. 


Composite  bearing  strength 

The  only  data  found  in  the  literature  on  the  temperature 
dcpcndcnec  of  bearing  prftperties  of  advanced  composites 
in  the  cryogenic  range  were  published  by  Hertz  et  al  for 
boron  and  Borsic-reinforced  6001  aluminium,  including  the 
steel  and  titanium-reinforced  hybrids.  These  data,  appe  ring 


Temperoture,  K 

Fig.", 3 Ultimate  baering  strength,  of  boron-eluminium 

composites,  uniaxial  (ongitudinel  direction 

1 — 4.2  mil  Borsic*aluminium  (6061 );  2 — 6.6  mil  Boron-aluminium 
(6061);  3 - 4.2  mil  Borsic-steel-aluminium  (60611:4  - 4.2  mil 
Borsic-titanium-aluminium  (6061)  (all  reference  13) 


on  Fig  1 3 , are  for  bearing  strength  in  the  unaxial  longitud- 
inal direction,  that  is,  the  stress  required  for  bearing  pull- 
out, rather  than  the  more  conventional  bearing  yield 
strength.  The  data  on  Fig.  13  refer  to  material  hole-to-free 
surface  dimensions  two  and  four  times  the  diameter  of  a 
No  10  steel  pin  (~4.8  mm).  An  increase  in  bearing  . trength 
with  decreasing  temperature  is  observed  for  both  conven- 
tional boron  and  Borsic-reinforced  materials,  the  effect 
being  more  pronounced  in  the  4D  tests.  The  Borsic-steel- 
aluminium  hybrid  pr.rformed  much  like  the  conventional 
materials,  while  the  Borsic-titanium-aluminii'm  hybrid  per- 
formed somewhat  e.ratically,  althougli  the  highest  strengths 
wen’  developed  wiih  this  latter  composite. 

Dynamic  mechanical  properties 

Composite  fatigue 

Tlie  only  available  data  on  the  temperature  dependence  of 
the  fatigue  properties  of  advanced  composites  were  gener- 
ated during  cyclic  pressure  testing  of  filament-wound 
pressure  vessels.  As  the  composites  in  these  vessels  were 
cross  plied  and  subjected  to  biaxial  stressing,  the  data  are 
of  value  only  in  a comparative  sense. 

Hansom  has  studied  the  cyclic  fatigue  perfermance  of 
pressure  vessels  overwrapped  with  Thornel  50  graphite 
fibre  using  an  BRL  2256;ZZL  0820  epoxy  resin.  The 
fatigue  life  at  77  K was  found  to  be  similar  to  that  at 
295  K,  with  90%  of  the  relevant  single-cycle  strength  being 
retained  after  10  000  cycles.  This  compares  to  a retention 
of  only  about  45%  of  the  single-cycle  strength  for  glass- 
fibre  reinforced  vessels.  Hanson  concluded  that,  on  the 
basis  of  specific  strength,  graphite-fibre  reinforced  vessels 
would  have  fatigue  performance  superior  to  that  of  glass- 
fibre  reinforced  vessels  after  only  80  cycles. 
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Allnng  ct  al  have  reported  cryogenic  cyclic  fatigue  data 
on  pressure  vessels  filaineiit-woimd  with  4 mil  boron  in  a 
I’olaris  resin  matrix.  I'olaris  resin  consists  of  Lpoii  828/ 
hpon  10.11 'NMA/llDMA  in  proportions  50/50/90/0.55 
phw.  (omniercial  designations  are  h-787  and  58  68R. 

The  results  were  again  reported  to  be  independent  of  tem- 
perature (down  to  20  K).  However,  the  fatigue  life  of  the 
boron-reinforced  vessels  was  found  to  be  relatively  low, 
with  residual  strengths  falling  to  40  50'7f  of ‘'ingle  cycle 
values  after  10  000  cycles.  This  is  about  the  same  as  for 
glass  reinforeenient. 

These  results  suggest  that  graphite  may  be  superior  to  boron 
as  a reinforcement  fibre  for  composite  structures  subject  to 
fatigue  at  cryogenic  temperatures.  However,  these  data 
must  be  considered  very  tentative  in  view  of  the  afore- 
mentioned tendency  for  the  4 mil  boron  fibre  to  split 
longitudinally  when  subjected  to  transverse  stresses  such 
as  are  present  in  biaxialiy-loaded  pressure  vessels.  The 
fatigue  perfomiarice  at  cryogenic  temperatures  of  compos- 
ites reinforced  with  5.6  mil  boron  fibre  should  be  substan- 
tially better  than  with  the  4 mil  fibre,  if  fibre  splitting  is  a 
factor  in  the  smaller  diariietei  fibre. 


Composite  impact  strength 

Few  data  were  available  on  the  impact  strength  of  advanced 
composites  at  cryogenic  temperatures.  The  Advanced 
Composites  Design  Guide  'i"*  includes  some  unpublished 
data  on  the  Charpy  V-notch  impact  values  of  commercial 
5505  4 boron-epoxy  material  tested  transverse  to  the  un- 
iaxial longitudinal  direction.  These  data  indicate  a slight 
increase  in  impact  strength  from  22.8  ft  lb  in'*  (121.7 
N m m'* ) at  295  K to  27.0  ft  lb  in'*  (1 44  N mm'*  > at  20  K 
Concomitantly,  a slight  decrease  from  46.3  to  39.5  ft  lb  in'* 
(247  to  21 1 N m in' *)  was  reported  for  unnotched  speci- 
mens over  this  temperature  range.  The  notched/unnotched 
ratios  of  about  0.49  at  295  K and  about  0.68  at  20  K in- 
dicate some  notch  sensitivity.  Sumner  and  Davis  ’ have 
reported  a 12  ft  lb  in  ' (64  Ninm'*)  Charpy  V-notch 
strength  at  295  K for  25  v/o  staiidess  steel  wire  reinforced 
2024  aluminium,  this  value  increasing  to  18  ft  lb  in'* 

(96  N ni  m'* ) at  77  K.  Cryogenic  impact  strength  data 
were  not  available  for  the  other  types  of  advanced  com- 
posites. However,  room  temperature  data  indicate  that 
the  graphite-reinforced  composites  have  substantially  lower 
impact  strengths  than  boron-reinforced  types.  There  is  no 
a priori  reason  to  expect  this  relationship  to  change  at 
cryogenic  temperatures.  Such  impact  strengths  are  sub- 
stantially lower  than  those  discussed  m Part  I for  glass- 
reinforcement,  where  notched  valu«.s  transverse  to  the 
uniaxial  longitudinal  direction  were  seen  to  range  from 
67  162  ft  lb  in'*  (357  865  Nmm'*)  at  77  K.'*  The 
critical  factor  has  been  identified  as  the  stress-strain  be- 
haviour of  the  fibre  reinforcement,  higher  impact  values 
being  associated  with  higher  failure  strains  of  the  fibre 
whenever  tests  are  made  in  the  longitudinal  (cross-fibre 
fracture)  mode.'i^-'i^ 

Impact  strengths  of  uniaxial  composites  tested  in  the  trans- 
verse direction  (anvil  impact  paiallel  to  the  fibres)  are  essen- 
tially matrix  controlled.  Since  composite  structures  are 
usually  of  crossply  construction  and  subjected  to  complex 
stresses,  an  improvement  in  the  impact  strength  of  the  mat- 
rix offers  the  possibility  of  an  overall  improvement  of  com- 
posite tougliness.  Larsen  ’ has  reported  efforts  to  improve 
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Fig.14  Longitudinal  thermal  expansion.  £L/L,  of  uniaxial 
advanced  composites 

1 -Thornel  75/ERLB4617  ; 2 - GY-70/X-904 

3 - Fibralloy  .300/X904  *\'4  - HT  S/X-904  ;5  - PRD49-1' 

ERLA  4617  e - PRD49-I/NASA  Resin  2 7 - boron, 

epoxy  SP-272;  8 — 5.6  mil  boron/alumininium  6061 ; 9 — 4.2  mil 
Borsic-litanium-aluminium  6061 ; 10  — 4.2  mil  Borsic-steel- 
aluminium  16061 );  1 1 — 4.2  mil  Borsic/aluminium  (6061 ) (all 
reference  1 3) 


the  impact  properties  of  crossplied  HT-S/epoxy  materials  at 
cryogenic  temperatures  by  addition  of  elastomeric  compon- 
ents to  the  matrix.  Results  of  this  work  were  reported  in 
terms  of  energy  density,  that  is,  the  area  under  the  force- 
deflection  curve,  using  a cleavage-type  specimen.  This  work 
showed  that  some  improvement  was  indeed  possible  with 
CBTN-niodified  FRLB  461 7 epoxy.  However,  the  benefit 
gained  was  negated  by  a significant  lowering  of  the  room 
temperature  impact  properties  and  by  unpredictable  per- 
formance at  cryogenic  temperatures.  Larsen  concluded 
that  improved  overall  cryogenic  properties  would  be  ob- 
tained by  use  of  the  NASA  Resin  2 epoxy  formulation  with 
graphite-reinforced  composites. 

It  appears  at  this  time  that  substantial  improvement  of  im- 
pact strength  of  the  advanced  composites  will  require  deve- 
lopment of  hybrids,  possibly  combining  glass  with  the 
advanced  fibres. 

Thermal  properties 

Composite  thermal  expansion  and  contraction 

Unlike  the  glass-reinforced  composites,  some  advanced- 
fibre  composites  expand  in  the  fibre  direction  when  cooled 
to  cryogenic  temperatures.  Available  data  for  the  temper- 
ature dependence  of  dimensional  changes  in  the  uniaxial 
longitudinal  direction  are  summarized  in  Fig.  1 4,  while 
comparable  data  for  the  uniaxial  transverse  direction  appear 
in  Fig.  15. 


0 


o 


o 


o 


0 


o 


o' 


o 


o 

\ 


712 


30 


CRYOGENICS . DECEMBER  1975 


G 


The  graphite-reinforced  composites  display  a very  small  long- 
itudinal expansion  on  cooling,  slightly  larger  expansions 
being  reported  for  the  high  modulus  'Tiornel  75  and  GY-70 
fibre  composites  than  for  composites  made  with  the  medium- 
modulus  Fibralloy  300  and  the  low-modulus  HT-S  fibres. 

The  PRD  49  (Kevlar  49)  composites  undergo  a comparatively 
large  longitudinal  expansion  on  cooling,  reportedly  reaching 
a maximum  of  about  8-10  x 10'^  at  about  77 
Sliglitly  laiger  expansion  was  reported  with  a NASA  Resin  2 
matrix  than  with  KRLA  46 1 7,  Tlie  other  advancec  com- 
posites undergo  linear  contraction  on  cooling.  The  least 
longitudinal  contraction  was  reported  for  the  commercial 
SP-272  boron-epoxy  product,  while  boron-aluminium  under- 
goes the  largest  contraction.  The  matrix  contraction  proper- 
ties appear  to  be  dominating  in  the  latter  composites,  as  re- 
latively little  difference  is  seen  among  the  four  variants,  in- 
cluding the  hybrids.  The  5.6  mil  composite  displays  a slightly 
lower  contraction  than  does  the  4 mil  product.  The  longi- 
tudinal thermal  contractions  of  these  boron-aluminium 
composites  are  about  25%  of  that  of  an  unreinfcrced  6061 
aluminium  alloy. 

Dimensional  changes  in  the  transverse  direction  are  strongly 
influenced  by  the  matrix,  all  advanced  comp'^sites  showing 
contraction  in  this  direction  on  cooling.  These  contractions 
are  large  compared  to  changes  observed  in  the  fibre  direction, 
as  witnessed  by  the  necessuy  to  change  the  ordinate  scale  on 
Fig.  1 5.  The  data  indicate  that  boron-epoxy  composites  have 
the  least  transverse  contraction  of  the  group,  yet  ever,  this 
relatively  low  value  is  three  times  larger  than  its  longitudinal 
change.  The  graphite-reinforced  composites  appear  to  under- 
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FIg.l  5 Trensv^rse  tharmal  axpaniion,  ^L/L,  of  uniaxial  advanced 
compoiitas 

1 -boron/epqxy  (SP-272)  2 - Fibralloy  300/EBLA4617 

HT-S/X-904  -4.2  mil  Borilc-titanlum/alumlnlum 6061  ' ; 

4 - GY-70/X-904  B - boron/alumlnlum  6061  ;fl-4.2mll 
Borilc-stael/alumlnlum  (6061)  * ; 7 - PRD  49-t/ERLA  4617  ' 


Fig.  16  Tharmal  conductivitiei,  X,  of  adyencad  compoiitet 
a — Uniaxial  longitudlal;  1 — HTS/X-904  ; 2 — Thornel  60-Polarli  ; 

3 - B-apoxy,  SP-272  4 - B-epoxy,  4.0  B-  on-Polaril 

5-PRD40-aroxy‘‘ 

b — Uriviti  t*'&rsverse:  1 — HT-5/X-904  ; 2 — Thorn*l  50  — Polaris  ; 

3 -B-apoxy,  >-272  ’’ 

go  about  twice  the  transverse  thermal  contraction  of  the 
boron- reinforced  composites,  reflecting  the  lesser  constraint 
provided  in  this  direction  by  the  small  graphite  fibres.  A 
slightly  higher  transverse  contraction  is  reported  for  the  high- 
modulus  GY-70/X-9J4  composite  than  for  the  low  modulus 
HT-S/X-904  material.  However,  such  a small  difference  could 
easily  be  accounted  for  by  variations  in  fibre  volume  fraction. 
The  conventional  boron/6061  aluminium  composites  have  the 
next  largest  transverse  contraction.  By  comparison  with  the 
contraction  of  unreinforced  6061  alloy  (dashed  curve),  it  is 
seen  that  the  transverse  contraction  of  the  boron-aluminium 
composite  is  almost  completely  matrix  dominated.  No  sign- 
nificant  difference  in  thermal  contraction  were  reported  for 
4.2  mil  Borsic  and  5.6  mil  boron  fibre  composites. 

The  PRD  49-epoxy  composites  undergo  the  largest  transverse 
thermal  contraction.  Comparing  the  temperature  dependence 
of  PRD  49-1/NASA  Resin  2 (curve  8)  with  that  reported  by 
Suffer  and  Molho  ® for  NASA  Resin  2 alone  (dashed  curve), 
indicates  that  the  matrix  is  also  dominating  the  transverse 
dimensional  changes  in  this  composite.  The  PRD  49  fibres 
do  not  offer  appreciable  restraint  to  transverse  contraction 
of  the  matrix  because,  as  seen  in  Fig.l4,  this  fibre  expands 
significantly  in  the  longitudinal  direction  during  cooling.  Of 
necessity,  this  is  accompanied  by  significant  transverse  fibre 
contraction.  Cooling  to  cryogenic  temperatures  would  be 
expected  to  produce  sizable  interfacial  shear  forces  between 
the  PRD  49  fibre  and  matrix,  with  lesser  forces  normal  to 
the  fibres. 

Compoiita  conductivity 

Few  data  were  available  on  the  temperature  dependence  of 
uniaxial  longitudinal  and  uniaxial  transverae  thermal  con- 
ductivity of  advanced  composites,  Those  which  were  avail- 
able are  plotted  In  Fig.  16.  When  considering  these  data,  the 
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F ig.  1 7 Specit  ic  heat,  C„,  of  advanced  composites 
1 - HT-S/X  904,  GY-70/X  904  2 - B-epoxy  (SP-292) 

3 — boron/6061  aluminium  *^;4  — Borsic-titanium/aluminium  * ; 
5 — Borsio-steel/aluminium  '^;6  — graphite/phenolic 


reader  should  be  aware  of  the  difficulties  and  potential 
sources  of  error  in  determining  thermal  conductivity  within 
the  cryogenic  range.  The  comments  made  in  Part  1 of  this 
paper  on  this  subject  apply  equally  well  here.  Furthermore, 
the  volume  fraction  of  fibre  will  influence  the  conductivities, 
particularly  in  graphite-reinforced  composites.  For  these 
reasons,  the  data  on  Fig.  16  should  be  considered  as  only 
indicating  trends. 

The  graphite-reinforced  composites  have  relatively  high 
thermal  conductivities  in  the  fibre  direction,  reflecting  re- 
latively higli  conductivity  of  the  graphite  fibres  compared 
to  epoxy.  Longitudinal  conductivity  in  these  materials  is 
highly  temperature  dependent.  The  boron-reinforced  com- 
posites have  much  lower  conductivities  than  do  the  graphite- 
reinforced  composites  in  the  fibre  direction  and  show  a con. 
paratively  small  temperature  dependence  of  thermal  con- 
ductivity. Da'a  were  not  available  for  boron-reinforced 
aluminium;  however,  the  thermal  conductivity  of  such  mat- 
erials will  certainly  be  much  higher  han  that  of  a polymeric- 
matrix  composite.  The  conductivity  should  be  approxi  nate- 
ly,  half  that  of  unreinforced  aluminium  in  a typical  50 
volume  % boron-aluminium  composite.  Transverse  thermal 
conductivities  are  matrix  dominated  and  very  low  for  both 
the  graphite  and  boron-reinforced  epoxy  materials. 

The  only  available  data  for  PRD  49  indicate  a longitudinal 
thermal  conductivity  approximately  the  same  as  that  for 
boron-epoxy  within  the  cryogenic  range. 

These  data  suffice  to  show  that  the  thermal  conductivities  of 
the  epoxy-matrix  advanced  composites,  particularly  boron- 
reinforced,  are  low  enough  to  make  them  attractive  for . 
cryogenic  structural  components. 

Composite  specific  heat 

Fig.  17  shows  the  specific  heat  of  the  advanced  composites 
to  be  similar  to  those  of  the  glass-reinforced  composites  dis- 
cussed in  Part  I of  this  paper.  Again,  an  almost  linear 
temperature  dependence  ofCp  is  observed  from  295  K to 
77  K.  As  a group,  the  specific  heats  of  the  composites  are 
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siiglitly  lower  than  that  of  aluminium  for  much  of  the  reg'on 
between  295  K and  77  K,  but  substantially  higlier  than  tint 
for  copper  and  most  other  metals.  The  temperature  depen- 
dence of  Cp  for  aluminium,  copper  and  titanium  are  included 
on  Fig.  17  for  comparative  purposes. 

The  highest  specific  heat  at  cryogenic  temperatures  was  re- 
ported for  boron-aluminium,  the  aluminium  matrix  undoubt- 
edly contributing  significantly  to  this  relatively  high  value. 
The  depicted  curve  is  the  average  of  data  reported  by  Hertz 
etal*^  for  4.2  mil  Borsic/6061  and  5.6  mil  boron,'6061. 
Slightly  higlier  values  were  reported  at  295  K and  200  K for 
the  larger  filament  size,  falling  to  siiglitly  lower  at  77  K.  The 
data  indicate  that  the  Borsic-aluminium  hybrids  had  siiglitly 
lower  specific  heats,  probably  reflec'ing  the  contributions 
from  the  steel  and  titanium  reinforce.Tients.  The  specific 
heat  of  the  toron-epoxy  composite  lies  between  that  of  the 
boron-aluminium  and  the  graphite-epoxy.  The  specific  heat 
of  the  latter  1 as  undoubtedly  been  lowered  by  the  graphite 
which,  as  shown  by  the  dashed  curve  on  Fig.  17,  has  itself  a 
relatively  low  specific  heat. 

The  data  indicate  that  boron-epoxy  has  a comparatively 
high  specific  heat  at  room  temperature.  This  is  not  unrea- 
sonable, as  boron  has  a room  temperature  specific  heat  of 
about  12.9  X 10^  J kg'*  K‘* . No  cryogenic  specific  heat 
data  were  available  for  boron  or  epoxy ; however,  the  com- 
posite data  suggest  a rapidly  decreasing  value  of  Cp  for 
boron  as  temperature  decreases,  while  indicating  that  the 
specific  heat  of  epoxy  probably  lies  between  the  curves 
for  boron-epoxy  and  graphite-epoxy. 

Comments  on  advanced  composites 

The  purpose  of  this  review  is  to  give  the  reader  an  under- 
standing, of  the  present  state  of  knowledge  as  to  the  magni- 
tude and  temperature  dependence  of  the  properties  of  ad- 
vanced fibre  composites  at  cryogenic  temperatures.  It  is 
apparent  that  present  knowledge  is  incomplete  in  many  re- 
spects; nevertheless,  the  available  data  justify  considerable 
optimism  as  to  the  future  applicability  of  these  materials 
as'  I .'ictural  components  operating  at  cryogenic 
temperatures. 

Available  data  indicate  that  commercial  state-of-the-art 
boron- reinforced  epoxy  and  aluminium  perform  well  at 
cryogenic  temperatures.  The  high  tensile  and  compressive 
strengths  and  elastic  moduli  of  these  materials  remain  con- 
stant or  improve  as  the  temperature  is  lowered.  Equally 
impressive  is  the  relatively  small  scatter  in  the  data,  suggest- 
ing a high  degree  of  reliability  for  components  made  from 
boron-reinforced  composites.  The  data  suggest  that  the 
commercial  products  may  be  used  effectively  at  cryogenic 
temperatures  without  optimization  of  the  composite 
matrix. 

Although  actual  data  are  not  available,  boron-aluminium 
composites  are  certain  to  have  a much  higher  thermal  con- 
ductivity than  any  polymer-matrix  composite  (approximately 
half  that  of  the  unreinforced  alloy).  This  is  a distinct  dis- 
advantage in  many  cryogenic  applications.  On  the  other 
hand,  the  transverse  strength  and  modulus  of  boron- 
aluminium  is  much  higher  than  that  of  polymer-matrix 
composites.  The  latter  is  a distinct  advantage  of  metal- 
raatrix  composites,  simplifyirig  composite  design  and  in- 
creasing component  reliability. 

Available  data  on  the  cryogenic  performance  of  the  graphite- 
reinforced  epoxy  class  of  composites  are  less  convincing. 
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These  materials  can  be  produced  with  moduli  higher  than 
those  obtainable  with  boron-reinforced  materials.  Graphite- 
epo.Kies  have  the  higlust  thermal  stability  of  any  composite 
class,  which  is  an  advantage  for  many  cryogenic  applications 
However,  the  ultimate  tensile  strengths  of  the  graphite- 
epo,\ics  are  substantially  lower  than  for  composites  with 
boron  reinforcement,  and  the  strength  (ends  to  decrease 
upon  cooling  to  cryogenic  temperatures.  Mechanical  pro- 
perty test  results  are  frequently  unpredictable  and  contra- 
dictory. It  is  not  at  present  known  how  much  of  the  erratic 
behaviour  is  due  to  problems  in  testing  and  how  much  is  an 
inherent  characteristic  of  the  material.  Certainly,  the  over- 
all performance  of  graphite-fibre  overwrapped  pressure 
vessels  reported  by  Larsen  and  Simon  was  much  better 
than  would  have  been  predicted  from  their  basic  test  data. 
We  therefore  conclude  that  graphite-reinforced  composites 
have  potential  for  structural  use  at  cryogenic  temperatures, 
ip  particular,  for  applications  requiring  dimensional 
stability.  However,  further  development  and  testing  are 
required. 

PRD  49  (Kevlar  49)-reinforced  epoxies  also  appear  pro- 
mising for  cryogenic  applications,  due  to  the  relatively  low 
cost  of  the  fibre  and  the  improved  modulus  compared  to 
glass.  However,  present  data  on  this  material  are  minimal, 
and  further  investigation  must  be  undertaken  before  this 
material  can  be  applied  with  confidence  in  a cryogenic  en- 
vironment. PRD  49  is  unusual  in  that  it  undergoes  a sign- 
ficant  expansion  in  the  fibre  direction  during  cooling  to 
cryogenic  temperatures.  Large  residual  stresses  between  the 
fibre  and  the  epoxy  matrix  might  be  expected  to  adversely 
affect  the  mechanical  properties  of  composites  made  with 
this  material.  Nevertheless,  the  work  of  Hoggatt  s*'*®has 
shown  that,  with  proper  design,  PRD  49-epoxy  composites 
can  be  used  to  good  advantage  in  some  cryogenic  applic- 
ations As  no  compressive  strength  data  were  available  at 
cryogenic  temperatures,  the  potential  user  should  investigate 
tills  parameter  in  applications  where  compressive  loading  is 
a factor. 

In  contrast  to  the  boron-reinforced  materials,  the  available 
data  suggest  that  both  graphite  and  PRD  49-reinforced 
composites  may  benefit  from  matrix  optimization  when 
used  at  cryogenic  temperatures.  Larsen  and  Simon  have 
recommended  NASA  Resin  2 for  both  uniaxial  and  crossply 
graphite-reinforced  composites.  The  work  of  Hoggatt 
suggests  that  this  type  of  matrix  is  also  satisfactory  for  PRD 
49  reinforcement.*’'*®  When  considering  the  use  of  NASA 
Resin  2,  the  reader  should  be  aware  that  this  resin  has  been 
optimized  for  cry  rgcnic  use  by  the  addition  of  flexibilizers, 
which  significantly  reilucc  the  strength  at  elevated  temper- 
atures. In  particular,  care  must  be  taken  to  properly  sup- 
port components  made  with  this  resin  whenever  elevated 
temperature  baking  of  a component  is  required. 

Tlie  foregoing  is  not  intended  to  imply  that  the  NASA  Resin 
2 formulation  is  clearly  the  best  resin  for  all  cryogenic 
applications.  Composite  manufacture's  may  well  recom- 
mend other  types  of  epoxies  for  cryogenic  applications.  The 
present  report  is  not  intended  to  be  prejudicial  to  such 
recommendations.  However,  the  purchaser  is  advised  to 
request  documentation  that  the  recommended  resin  has 
shown  itself  to  be  suitable  for  the  intended  cryogenic  applic- 
ation. In  particular,  the  suitability  of  various  resins  for 
crossply  composites  subjected  to  fatigue  loading  under 
cryogenic  conditions  has  not  been  adequately  investigated. 
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Summary  of  primary  property  trends  in  uniaxial 
advanced  composites  upon  cooling  to  cryogenic 
temperatures 

Tensile  strength 

Boron-epoxy  and  boron-aluminium  show  little  temperature 
dependence  of  strength.  The  same  appears  to  be  true  for 
PRD  49  (Kevlar  49)-epoxy,  al'iiough  data  are  minimal. 

The  graphite-epoxies  tend  trward  decreased  strength  on 
cooling,  77  K values  being  jf  the  order  of  20  x 1 0®  lb  in"^ 
(138  MPa)  lower  than  at  room  temperature. 

Tensile  modulus 

Boron-epoxy,  boron-aluminium,  and  graphite-epoxy  com- 
posites appear  to  retain  their  room-temperature  moduli 
when  cooled  to  77  K.  Minimal  available  data  indicate  that 
PRD  49  (Kevlar  49)-epoxy  composites  undergo  a substan- 
tial modulus  increase  on  cooling  below  77  K. 

Compressive  strength 

Compressive  strengths  of  the  advanced  composites  tend  to 
either  increase  (boron-epoxy,  graphite-epoxy)  or  to  remain 
essentially  unchanged  (boron-aluminium)  during  cooling 
to  77  K.  Compressive  strength  data  were  not  available  for 
PRD  49  (Kevlar  49)-epoxy  composites. 

Compressive  modulus 

Compressive  moduli  generally  remain  unchanged  upon  cool- 
ing to  cryogenic  temperatures,  except  for  a small  moduli 
increase  reported  for  boron-epoxy.  Data  were  not  available 
for  PRD  49  (Kevlar  49)-epoxy. 

Ultimate  tensile  strain 

Available  data  indicate  a small  (5-15%)  decrease  in  longi- 
tudinal strain  at  failure  on  cooling  boron-aluminium  and 
graphite-epoxy  to  77  K;  the  latter  being  the  more  temper- 
ature sensitive.  Transverse  failure  strain  appears  almost 
independent  of  temperature  in  these  composites.  Data  were 
not  available  for  PRD  49  (Kevlar  49)  or  boron-epoxy. 

In-plane  shear  strength  and  modulus 

Insufficient  data  are  available  to  indicate  trends  in  these 
properties.  One  reference  cited  about  a 14%  drop  in  shear 
strength,  concomitant  with  about  a 50%  shear  modulus 
increase,  for  a graphite-epoxy  composite  upon  cooling  to 
77  K;  however,  variations  in  fibre  type  and  matrix  com- 
position will  undoubtedly  affect  the  temperature  sensitivity 
of  these  properties.  No  data  were  available  for  other 
advanced  composites. 

Thermal  expansion  and  contraction 

Graphite-epoxy  is  the  most  dimensionally  stable  of  the 
advanced  composites,  undergoing  a very  slight  expansion 
longitudinally  (fibre  direction)  and  moderate  transverse 
contraction  on  cooling.  Boron-epoxy  is  the  next  most 
stable,  showing  moderate  contraction  in  both  directions 
on  cooling.  Boron-aluminium  contracts  about  twice  as 
much  as  boron-epoxy  longitudinally ; however,  the  con- 
traction is  only  about  20%  of  that  of  the  unreinforced 
metal.  Transverse  contraction  of  boron-alumlnlum  is  al- 
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most  the  same  us  that  of  the  unreinforeed  metal,  PRD  49 
(Kevlar  49)-epoxy  composites  are  the  least  dimensionally 
stable,  expanding  substantially  in  the  longitudinal  direction 
and  contracting  substantially  in  the  transverse  dirfction. 


E-350,  B-787 
Ciba  8183/137,  3002 

Others 


Plastics  & Resin  Div 
US  Polymeric  Corp 
Hercules  Corp 


Thermal  conductivity 

Boron-epoxy  and  PRD  49  (Kevlar  49)-epoxy  have  substan- 
tially lower  longitudinal  thermal  conductivity  than  graphite- 
epoxy  composites.  Differences  in  conductivity  decrease  as 
temperature  decreases.  Conductivity  in  the  transverse  direc- 
tion is  approximately  the  same  for  graphite  and  boron-epoxy , 
being  much  lower  in  this  direction.  Data  were  not  available 
for  PRD  49  (Kevlar  49)-epoxy  and  for  boron-aluminium. 

Specific  heat 

Tlie  specific  heat  of  the  advanced  composites  appear  to  he 
almost  linear  from  295  K to  77  K.  As  a group,  the  values 
are  slightly  lower  than  that  of  aluminium,  but  substantially 
above  that  of  titanium  or  copper.  The  specific  heal  ol 
boron-aluminium  is  sliglitly  higher  than  that  of  boron- 
epoxy  or  graphite-epoxy.  No  data  were  available  for  PRD 
49  (Kevlar  49)-epoxy. 
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HT424  (epoxy-phenolic) 
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DSA  — dodecenyl  succinic 
anhydride 
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Boron  Composite  Products 

SP-272  Minnesota  Mining  & 

Manufacturing  Co 

5505  AVCO  Corporation 
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Summary;  Elastic  Properties 


During  the  six  months  preceding  March  1976,  the  following  studies 
were  conpleted: 

(1)  2000-series  aluminum  alloys.  Two  alloys  — 2014  (Al-Cu-Si-Mg)  and 
2219  (A1-Cu5  were  studied  in  their  precipitation-hardened  conditions  by  a 
pulse-echo  method  between  room  temperature  and  liquid-helium  temperature. 

These  alloys  exhibit  similar  elastic  properties  and  regular  behavior  with 
respect  to  temperature.  They  are  slightly  stiffer  elastically  than  some  of 
the  other  aluminum  alloys  that  were  reported  on  previously  in  these  reports. 
Results  of  the  study  are  given  in  an  accompanying  manuscript  "Low- temperature 
elastic  properties  of  aluminum  alloys  2014  and  2019"  by  D.  T.  Read  and  H.  M. 
Ledbetter. 

(2)  Face-centered-cubic , iron-nickel,  high-permeability  alloy.  Iron- 
47.5  nickel  was  studied  between  room  temperature  and  liquid-helium  tempera- 
ture  by  a pulse-echo  method.  Besides  invar,  iron-36  nickel,  this  is  the 
only  material  of  this  type  for  which  low-temperature  elastic  constants  have 
been  determined.  Contrary  to  some  previous  reports,  the  room- temperature 
thermo-elastic  coefficients  are  normal  for  this  material.  Results  of  the 
study  are  given  in  an  accompanying  manuscript  "Low-temperature  elastic  pro- 
perties of  iron-47.5  nickel"  by  H.  M.  Ledbetter  and  D.  T.  Read. 

(3)  N.  jkel-chromium-iron-molybdenum  alloy.  There  is  an  accompanying 

reprint  of  our  previously  described  results  on  Inconel  718:  W.  F.  Weston 

and  H.  M.  Ledbetter,  "Low-temperature  elastic  properties  of  a nickel- 
chromium-iron-molybdenum  alloy,"  Mater.  Sci.  Engg.  ^ (1975)  287-90. 

(4)  Aluminum  alloys  1100,  5083,  7005,  7075.  There  is  an  accompanying 

reprint  of  our  previously  described  results  on  four  aluminum  alloys:  E.  R. 

Naimon,  H.  M.  Ledbetter,  and  W.  F.  Weston,  "Low-temperature  elastic  proper- 
ties of  four  wrought  and  annealed  aluminium  alloys,"  J.  Mater.  Sci.  ^ (1975) 
1309-16. 

(5)  Copper-nickel  alloys.  Our  study  on  copper,  copper-10  nickel,  and 
copper-30  nickel  was  published;  H.  M.  Ledbetter  and  W.  F.  Weston,  "Low- 
temperature  elastic  properties  of  some  copper-nickel  alloys,"  1975  Ultrasonics 
Symp.  Proc.,  IEEE  Cat.  No.  75  CHO  994-45U,  623-7.  A reprint  is  not  included 
here  because  it  is  indentical  to  the  preprint  version  given  previously. 

(6)  Superconducting-coil  composite.  There  is  an  accompanying  reprint 

of  our  previously  described  results  on  a niobium-titanium,  copper-stabilized, 
epoxy-impregnated,  superconducting-coil  composite:  W.  F.  Weston,  "Low- 

temperature  elastic  constants  of  a superconducting  coil  composite,"  J.  Appl. 
Phys.  46  (1975)  4458-65. 
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Abstract 


Elastic  properties  of  aluminum  alloys  2014  and  2219  were  studied 
in  their  precipitation-hardened  conditions  between  4 and  300  K using 
an  ultrasonic  pulse-echo  superposition  technique.  Results  are  given 
for  longitudinal  sound  velocity,  transverse  sound  velocity,  Young's 
modulus,  shear  modulus,  bulk  modulus,  and  Poisson's  ratio.  The  Young's 
moduli  increase  about  eleven  percent  on  cooling.  The  shear  moduli  are 
about  ten  percent  higher  than  for  unalloyed  aluminum.  All  the  elastic 
constants  show  regular  temperature  behavior. 

Key  words:  Aluminum  alloys;  bulk  modulus;  compressibility;  Debye 

temperature;  Poisson's  ratio;  precipitation-hardening  alloys;  shear 
modulus;  sound  velocity;  Young's  modulus. 


Introduction 


The  combination  of  a high  ratio  of  strength  to  weight  and  high 
toughness  at  low  temperatures  makes  many  aluminum  alloys  attractive  for 
cryogenic  structural  applications.  In  this  report,  the  cryogenic  elas- 
tic properties  of  two  aluminum  alloys,  2014  and  2219,  used  frequently 
at  low  temperatures,  are  described.  All  2000-series  alloys  are  preci- 
pitation hardenable,  containing  copper  as  the  principal  alloying  element. 

Alloy  2014  has  better  mechanical  properties,  but  alloy  2219  has 
superior  weldability.  This  is  believed  to  be  the  first  report  of  a 
complete  set  of  low-temperature  polycrystalline  elastic  constants  for  a 
series  of  2000-type  aluminum  alloys. 

Elastic  constants  are  necessary  parameters  in  the  design  of  criti- 
cal load-beari‘r.g  members;  they  relate  the  stress  applied  to  an  object 
to  its  change  in  dimensions  produced  by  the  stress.  Elastic  constants 
are  also  used  in  analyzing  the  fracture  properties  of  a material.  The 
factor  E/(l  - v^),  where  E is  Young's  modulus  and  v is  Poisson's  ratio, 
occurs  frequently  when  the  strength  properties  of  materials  are  con- 
sidered. 

Some  elastic-property  data  on  these  alloys  were  reported  previously[l]. 
However,  the  inaccuracies  of  those  data  were  high,  and  the  shear  modulus 
was  not  reported.  Thus,  neither  the  bulk  modulus  nor  Poisson's  ratio, 
which  are  frequently  of  interest  in  engineering  design,  can  be  computed. 

In  the  present  study,  an  ultrasonic  (10  MHz)  pulse-superposition 
method[2]  was  used  for  determining  the  velocity  v of  an  ultrasonic  pulse 
propagated  through  the  specimen.  Appropriate  moduli  C were  calculated 
using  equations  of  the  type  C = pv^,  where  p is  the  mass  density.  This 
indirect  technique  is  more  accurate  than  the  more  familiar  direct 


measurement  of  the  change  in  length  of  a specimen  under  load  where  large 
errors  can  arise  from  mechanical  misalignments.  Ultrasonic  methods  have 
many  advantages:  small  specimens  are  sufficient,  so  that  ancillary 

equipment  such  as  probes  and  dewars  can  also  be  small,  and  refrigeration 
costs  are  low;  specimens  can  have  a simple  geometry  and  can  be  easily 
prepared;  measurements  can  be  made  as  nearly  continuously  as  desired; 
relative  imprecision  is  low,  about  one  part  in  10^  for  the  velocities; 
laboratory-to-laboratory  variations  of  the  elastic  constants  are  typi- 
cally a few  percent  or  less;  and  the  relevant  properties  of  the  quartz 
transducer  used  to  generate  and  detect  ultrasonic  pulses  are  affected, 
only  slightly  by  temperature. 

Materials 

Aluminum  alloys  2014  and  2219  are  precipitation-hardenable  alloys 
containing  copper  and  other  alloy  elements.  Their  chemical  compositions 
are  given  in  Table  1.  The  2014  alloy  was  tested  in  the  T652  condition: 
solution  heat-treated,  artificially  aged,  and  stress  relieved  by  roll- 
ing. The  2219  alloy  was  tested  in  the  T87  condition:  solution  heat 

treated,  cold  worked,  and  artificially  aged.  The  2014-T652  and  2219- 
T87  alloys  had  Rockwell  hardnesses  of  B 80.6  and  B 81.1  and  mass  densi- 
ties of  2.810  and  2.835  g/cm^,  respectively.  Metal lographic  examination 
of  these  alloys  revealed  severely  elongated  grains.  Surfaces  perpendi- 
cular to  the  rolling  direction  showed  nearly  equi-axed  grains  with  dia- 
meters of  about  0.02  cm  in  the  2014  alloy  and  0.03  cm  in  the  2219  alloy. 
Surfaces  parallel  to  the  rolling  direction  showed  grains  so  severely 
elongated  that  their  dimensions  could  not  be  determined  accurately. 

Procedures 

The  specimen  materials  were  obtained  from  commercial  sources;  the 


46 


2014  alloy  was  obtained  as  a 7.6-cm  thick  forging,  and  the  2219  alloy 
was  received  in  the  form  of  a 3.8-cm  thick  plate.  The  hardnesses  were 
determined  by  a standard  technique;  the  mass  densities  were  determined 
by  the  metfiod  of  Archimedes  using  distilled  water  as  a standard. 

Quartz  transducers  were  bonded  to  the  specimens  with  phenyl  salicylate 
(salol)  for  room  temperature  measurements  and  with  stopcock  grease  for 
the  initial  part  of  the  low- temperature  measurements.  These  bonds  failed 
around  70  K,  so  that  a silicone  fluid  (viscosity  = 20  kPa-s  at  25°  C)  was 
used  for  bonding  at  very  low  temperatures.  The  low-temperature  apparatus 
was  described  previously [3]. 

Elastic  constants  were  determined  from  sound-velocity  measurements 
between  room  temperature  and  liquid-helium  temperature.  The  inaccuracy  of 
the  velocities  is  estimated  to  be  less  than  + 1%. 

Transducer  and  bond  effects  were  minimized  by  measuring  the  transit 
times  for  both  the  one-transducer  (usual)  case  and  the  two-transducer  case, 
using  "identical"  transducers  and  bonds.  The  corrections  were  about  one 
percent. 

Low-temperature  data  were  obtained  by  a pulse-echo-superposition 
method[2],  which  gives  the  ratio  of  the  low-temperature  velocity  to  the 
room-temperature  velocity  with  an  imprecision  of  about  0.001%. 

The  main  limitation  on  the  usefulness  of  the  present  results  is  the 
batch-to-batch  variation  of  commercial  materials.  Due  to  this  factor, 
variations  in  the  elastic  constants  as  large  as  one  percent  could  be  expected, 
but  temperature  coefficients  should  be  unaffected.  Thus,  measurements  on 
similar  alloys  at  room  temperature  should  establish  their  elastic  constants 
over  the  entire  0-300  K region. 
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Results  and  Discussion 


? 

The  measured  longitudinal  moduli  C = pv^  for  both  alloys  are  shown 
in  Fig.  1.  The  small  steps  between  adjacent  data  points  for  the  2219 
alloy  at  80  K and  140  K are  not  representative  of  the  material's  elas- 
tic behavior,  but  are  artifacts  of  the  measurement  process.  They  are 
due  to  the  use  of  two  different  bonding  agents  to  seal  the  quartz  trans- 
ducer to  the  specimen  for  the  low  temperature  measurements.  The  temp- 
erature dependences  of  the  longitudinal  moduli  of  both  the  2014  and  the 
2219  alloys  are  quite  regular. 

The  measured  transverse  moduli  are  shown  in  Fig.  2.  Again,  the 
small  step  at  120  K in  the  modulus  of  the  2219  alloy  is  a measurement 
artifact.  The  temperature  dependences  of  the  transverse  moduli  of  both 

alloys  are  also  quite  regular.  The  data  shown  in  Figs.  1 and  2 were 
fitted  to  a function  of  temperature  suggested  by  Varshni[4]; 


C = C°  - 


s 

exp(t/T)-l  ’ 


(1) 


where  C is  any  elastic  stiffness  constant  (C-|  and  0^  in  this  case),  C^, 
s,  and  t are  the  fitting  parameters,  and  T is  the  temperature.  The  fitted 
curves  are  shown  along  with  the  data  in  Figs.  1 and  2.  Values  of  the  fit- 
ting parameters  are  given  in  Table  2.  Average  differences  between  the  mea- 
sured moduli  and  the  fitted  curves  were  about  0.05%. 

The  elastic  Debye  temperatures  for  these  alloys  were  calculated 
from  their  elastic  constants  at  T = 0 K,  and  they  are  given  in  Table  2. 
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As  expected  from  their  higher  shear  moduli  (discussed  below),  the  alloys 
have  higher  Debye  temperatures  than  "pure"  aluminum  where  0 = 431  K. 

Values  c '.e  longitudinal  and  transverse  moduli  calculated  using 
the  fitted  Va  ! parameters  were  used  to  calculate  other  elastic  con- 
stants. The  additional  elastic  constants  reported  here:  the  shear  modulus 

G,  the  Young's  modulus  E,  the  bulk  modulus  B,  and  the  Poisson's  ratio  v, 
are  given  by  the  following  formulas [5]: 


G = C.  = pv' 


t ’ 


(2) 


E = 3G(C^  - 4/3  C^)/(C^  - C^) 


(3) 


and 


B = - 4/3  C^, 


V = 1/2(C^  - 2 C^)/(C^  - C^) 


(4) 


(5) 


The  four  elastic  constanr.b  obtained  using  these  relations  are  shown  as 
functions  of  temperature  in  Figs.  2-5.  Values  of  these  elastic  constants 
at  selected  temperatures  are  given  in  Table  3,  along  with  some  previous 
results. 

As  shown  by  the  data  in  Table  3,  changes  in  the  elastic  constants  of 
aluminum  alloys  2014  and  2219  between  300  and  0 K are  about  12%  for  E and 
G,  and  about  4%  for  B and  v.  These  changes  are  much  larger  than  those 


49 


i 


observed  in  al loys  based  on  iron[6]  and  coppe''[  7],  two  other  common  base 
metals.  Most  of  the  changes  in  the  elastic  constants  of  these  aluminum 
alloys  with  temperature  occur  above  liquid-nitrogen  temperature,  77 ‘K. 

Tne  outstanding  feature  of  the  data  shown  in  Figs.  1-5  is  the 
regular  temperature  dependence  of  all  the  elastic  constants.  These  two 
aluminum  alloys  are  good  examples  of  materials  with  simple,  ordinary 
elastic  behavior  with  respect  to  temperature.  This  regular  behavior  was 
not  evident  from  some  previous  reports  on  these  alloys. 

The  bulk  moduli  of  the  2014  and  2219  alloys  differ  by  0.3%  and  3.9% 
from  that  of  pure  aluminum,  while  the  shear  moduli  of  these  alloys  differ 
by  8.5%  and  11.9%  from  that  of  pure  a1umirum[8].  Thus,  the  alloying 
elements  increase  not  only  the  yield  strength  but  also  the  shear  modulus 
of  the  base  material.  Alloying  effects  in  these  materials  are  complicated 
by  the  large  number  of  alloying  elements,  but  it  is  clear  that  the  alloy- 
ing raises  the  shear  moduli  much  more  than  is  expected  from  a simple 
rule  of  mixtures,  while  the  bulk  modulus  is  affected  only  slightly. 

These  alloys  were  not  examined  for  anisotropic  elastic  behavior 
because  aluminum  single  crystals  are  only  slightly  anisotropic[8].  Even 
strongly  textured  polycrystal  1 ine  aggregates  of  aluminum  should  exhibit 
nearly  isotropic  elastic  properties. 

Compared  to  other  aluminum  alloys  that  were  studied  previous1y[9] , 
2000-series  alloys  have  higher  longitudinal  and  transverse  moduli,  result- 
ing in  higher  Young's  moduli  and  higher  bulk  moduli  than  the  other  alloys; 
but  they  have  the  same  Poisson's  ratio.  The  higher  elastic  moduli  of  the 
2000-series  alloys  may  be  useful  in  critical  design  situations. 

Conclusions 


(1)  With  respect  to  unalloyed  aluminum,  alloys  2014  and  2019  have 


higher  Young's  moduli  9%),  higher  shear  moduli  10%),  higher  bulk 

moduli  ('\-  2%),  and  lower  Poisson  rat^^os  3%). 

(2)  These  elastic  moduli  are  also  higher  than  those  reported  pre- 
viously for  5000-series  and  7000-series  aluminum  alloys. 

(3)  Alloy  2219  has  a slightly  higher  shear  modulus,  but  a slightly 
lower  bulk  modulus,  than  alloy  2014. 

(5)  The  temperature  behaviors  of  the  two  alloys  are  very  similar. 
Between  300  and  0 K,  B increases  about  4%,  E increases  about  11%,  G 
increases  about  12%,  and  v decreases  about  3 %. 
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Table  1 Chemical  compositions  of  studied 
aluminum  alloys,  wt. 


Alloy 

Cu 

Fe 

Mq 

Mn 

Sn 

Ti 

V 

Zn 

Zr 

A1 

» 

2014 

4.4 

0.05 

0.8 

0.8 

Bal 

2219 

5.4 

0.20 

0.01 

0.26 

0.15 

0.16 

0.12 

0.09 

0.16 

Bal 

^ For  2014,  nominal  composition.  For  2219,  plasma  arc  analysis. 


Table  2 Varshni-function  parameters  determined  from  a least-squares 

fit  of  the  data  (see  equation  1)  and  elastic  Debye  temperature,  0 


Alloy 

Mode 

C°(10^^  Nm"2) 

s(10^^  Nm"2) 

t(K) 

0(K) 

2014 

1 

1.241 

0.0781 

217 

439 

t 

0.3152 

0.0339 

212 

2219 

1 

1.220 

0.0859 

230 

443 

t 

0.3250 

0.0345 

209 
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Table  3 Values  of  the  elastic  constants  of  two  aluminum  alloys 

a-h  cnlnr-hnrl  •hnmnnv'a*f*nv-£ac  in  iinifc  n*F  ml  1 Mm“2  nvrnnf 


at  selected  temperatures  in  units  of  10^^  Nm"S  except 
V,  which  is  dimensionless 


Present  Results 
Alloy  Temperature (K)  B E G v 


Previous 

results^ 

E 


° 2014  alloy  m the  T-6  condition,  average  of  longitudinal  and  trans- 
verse, interpolated  data;  2219  alloy  in  the  T-81  condition,  average 
of  longitudinal  and  transverse,  interpolated  data. 


List  of  Figures 


Fig.  1. 


Longitudinal  modulus  C-|  = pv|  for  two  2000-series  aluminum 
alloys  in  precipitation-hardened  condition  as  a function  of 


temperature. 


Fig.  2. 


Fig.  3. 


Shear  modulus  G = = pv^  for  two  aluminum  alloys. 

Young's  modulus  for  two  aluminum  alloys. 


Fig.  4.  Bulk  modulus  for  two  aluminum  alleys. 


Fig.  5.  Poisson's  ratio  for  two  aluminum  alloys, 
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The  low-temperature  clastic  properties  of  two 
nickel  - chromium  - iron  alloys,  Inconel  600** 
and  Inconel  X-750,  were  reported  recently  (IJ. 
The  same  properties  — the  lon^jitudinal  modulus, 
Young’s  modulus,  the  shear  modulus,  the  bulk 
modulus  (reciprocal  compressibility)  and 
Poisson’s  ratio  — are  reported  here  for  a nickel  - 
chromium  - iron  - molybdenum  alloy.  Inconel 
718.  Except  for  being  slightly  softer  elastically, 
it  resembles  Inconel  X-750. 

The  low-temperature  elastic  properties  of 
Inconel  718  are  of  interest  mainly  because  it  is 
a candidate  material  for  cryogenic  structural 
applications  [2].  The  elastic  pioperties  are 
important  both  for  the  design  of  structural 
components  and  for  understanding  the  basic 
physical  properties  of  a material.  From  the 
temperature-dependent  elastic  constants,  de- 
flections can  be  predicted  for  any  combination 

* Contribution  of  NBS,  not  -sulrjt'ct  to  copyright, 

.*  NHC-NBS  Postdoctoral  Research  As.sociate, 

197.9  - 74. 

**  Tradenames  are  used  to  identify  the  materials 

tested;  they  are  not  NBS  endorsements  of  particu- 
lar products. 


” stress  and  tempe'-ature.  Also,  the  Debye 
characteristic  temperature  can  be  calculated 
from  the  elastic  constants.  The  Debye  tempera- 
ture relates  in  turn  to  a wide  variety  of  solid- 
state  phenomena  (3]. 

Inconel  718  is  made  precipitation  harden- 
able  by  its  niobium-plus-tantalum  content. 
(Inconel  X-750  is  made  precipitation  harden- 
able  by  its  aluminum-plus-titanium  content.) 

It  differs  from  the  nickel  - chromium  - iron 
alloys  in  having  superi  or  mechanical  properties 
such  as  yield,  creep,  rupture  and  fatigue 
strengths  [2].  Its  sluggish  response  to  precipi- 
tation hardening  permits  annealing  and  welding 
without  significant  property  changes. 


EXPERIMENTAL  METHODS 

Ultrasonic  (10  MHz)  longitudinal  and  trans- 
verse sound-wave  velocities  were  measured 
between  room  temperature  and  liquid-helium 
temperature  (4  K)  using  a pulse-echo-super- 
position  method  |4].  Experimental  procedures 
were  identical  with  those  reported  previously 
|1]  except  that  the  material  was  obtained  from 


TABLE  1 

Composition  and  prcjpertics  of  the  alloy 


Chemical  composition,  mill  analysis 
(wt.%) 


Ni 

Cr 

Fe 

Nh  + Ta 

Mo 

53.73 

18.49 

17.62 

,5.17 

2.98 

Al 

C 

Mn 

Si 

S 

0,58 

0 05 

0.08 

0.17 

0.007 

ness 

1 DPH  No.,  1 kg  load) 

Ma.ss  density  at 
294  K (g/cm^) 

Ti 

125 

8.229 

1.01 

Cu 

Condition:  As-received;  hot-rolled 

0.04 
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a commercial  source  in  the  form  of  3/4-inch 
(1.9  -cm)  rods.  Chemical  and  physical  data  on 
the  material  are  given  in  Table  1. 


RESULTS 


The  longitudinal  modulus 
Ci=pvf 


is  shown  versus  temperature  in  Fig.  1,  where  p 
is  the  mass  density  and  Ui  is  the  longitudinal 
sound-wave  velocity.  The  transverse  modulus 


Ct  = pu?  = G 


is  shown  versus  temperature  in  Fig.  2,  where 
Vt  is  the  transverse  sound-wave  velocity  and  G 
is  the  shear  modulus.  Young’s  modulus  E,  the 
bulk  modulus  B and  Poisson’s  ratio  u were 
calculated  from  the  formulas  [5]; 

jE;  = 3Ct{C,-fcj/(C,-Ct),  (3) 

B = (4) 

=(l/2)(C,-2Ct)/(C,-Ct);  (5) 


and  these  elastic  constants  are  shown  versus 
temperature  in  Figs.  3 - 5.  For  comparison, 
Figs.  1 - 5 also  show  as  dashed  lines  the  elastic 
constants  of  Inconel  X-750,  which  were  re- 
ported previously  [1]. 

The  temperature  dependences  of  both  Q 
and  Ct  were  fitted  to  a theoretical  relationship 
suggested  by  Varshni  [6]: 

C = C°-s/(e'^^-l)  (6) 

where  C°,  s,  and  t are  adjustable  parameters 
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Fig.  1.  Longitudinal  moduiuc  vt.  temperature  for  two 
Inconel  alloyi. 
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Fig.  2.  Transverse  (-  shear)  modulus  vi,  temperature 
for  two  Inconel  alloys. 
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Fig.  3.  Young’s  modulus  us.  temperature  for  two 
Inconel  alloys. 
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Fig.  4.  Bulk  modulus  (reciprocal  compressibility)  vt. 
temperature  for  two  Inconel  alloys. 
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Fig.  5.  Poi.sson’s  ratio  vs.  temperature  for  two  Inconel 
alloys. 


and  7'  is  temperature.  The  average  difference 
between  curve  values  and  measured  values 
was  0.06  and  0.05%  for  the  transverse  and  the 
longitudinal  modes,  respectively. 

The  elastic  Debye  temperature  was  calcu- 
lated from  Cl  and  Ct  using  standard  formulas 
[1]  and  was  found  to  be  0 = 446  K at  absolute 
zero.  For  comparison,  6 (nickel)  = 476  K and 
6 (Inconel  X-750)  = 474  K. 


DISCUSSION 

Basically,  the  low-temperalure  elastic  prop- 
erties of  Inconel  718  are  very  similar  to  those 
of  Inconel  X-750.  The  higher-iron,  lower-nickel 
content  of  Inconel  718  accounts  for  its  slightly 
lower  elastic  Debye  temperature.  Inconel  718 
is  also  similar  to  Inconel  X-750  in  the  tempera- 
ture dependences  of  its  elastic  con.stants  for 
the  cases  of  E,  G,  and  Ci,  which  show  regular 
behavior.  By  regular  behavior  is  meant:  con- 
tinuously decreasing  with  increasing  tempera- 
ture, linear  behavior  at  highe’-  temperatures, 
relative  flatness  at  low  terr.peratures,  and  zero 
slope  at  T = 0 K.  Both  rr.aterials  show  slight 
anomalies  in  the  temperp*"'e  dependence  of 
the  bulk  modulus.  While  Inconel  X-750  shows 
a concavity  upwards  in  the  B(T)  curve.  Inconel 
718,  as  shown  in  Fig.  4,  shows  a maximum 
near  100  K in  its  B{T)  curve.  Based  on  the 
previous  experience  of  this  laboratory,  it  is 
believed  in  this  case  that  the  imprecisions  in 
both  C,  and  Cj  are  a few  parts  in  lO"*.  Thus, 
this  anomaly  (though  small)  is  believed  to  be 
real  and  not  a measurement-computational 
artifact. 


The  interpretation  of  the  maximum  in  the 
B{T)  curve  of  Inconel  718  can  only  be  specu- 
lative. Unlike  Inconel  X-750,  it  was  verified 
during  the  present  study  that  Inconel  718 
is  non-magnetic  between  room  temperature 
and  liquid-nitrogen  temperature  (77  K).  In 
some  respects,  the  low-temperature  behavior 
of  the  bulk  modulus  of  Inconel  718  resembles 
that  of  stainless  steels  AISI  304,  310  and  316 
reported  previously  [7].  In  those  cases,  the 
anomalous  behavior  was  interpreted  in  terms  of 
the  Doring  effect  that  results  from  a large 
volume  magnetostriction  accompanying  a 
paramagnetic-to-antiferromagnetic  transition. 
However,  no  evidence  of  a low-temperature 
magnetic  transition  in  Inconel  718  seems  to 
exist;  and  neither  the  longitudinal  modulus  nor 
Young’s  modulus  shows  any  evidence  of  a 
dilatational  anomaly.  Thus,  the  nature  of  this 
anomaly,  its  magnitude  and  perhaps  even  the 
question  of  its  existence  deserve  further  study. 

Comparisons  with  some  previous  results  [8] 
show  reasonable  agreement  for  both  the  room- 
temperature  elastic  constants  and  the  tempera- 
ture derivatives  of  E and  G.  It  is  easy  to  verify 
that  the  temperature  derivative  of  u reported 
here  is  more  reasonable  than  that  obtained 
from  data  in  ref.  8.  Differentiation  of  the 
standard  relationship 


gives 

1 ^ /I  ldG\ 

p dT  ~ E-2G\E  dT  GdT/ 


(8) 


The  present  data  satisfy  eqn.  (8)  exactly,  while 
the  data  from  ref.  8 give  a L.H.S./R.H.S.  ratio 
of  2.6.  Temperature  derivatives  of  B have  ap- 
parently not  been  reported  previously.  The 
only  previously  reported  clastic  constant  at 
4 K is  Young’s  modulus  [2];  this  value,  2.11 
X lO'^N/m^,  is  identical  with  the  present  value. 


This  work  was  supported  in  part  by  the 
Advanced  Research  Projects  Agency  of  the 
U.S.  Department  of  Defense.  Dr.  E.R.  Naimon 
of  Dow  Chemical  (Rocky  Flats  Division) 
commented  on  the  manuscript. 
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Low-temperature  elastic  properties  of  four 
wrought  and  annealed  aluminium  alloys 

E.  R.  MAIMON*,  H.  M.  LEDBETTER,  W.  F.  WESTON 

Cryogenics  Division,  Institute  for  Basic  Standards,  National  Bureau  of  Standards,  Boulder, 

Colorado,  USA 


The  elastic  properties  of  four  annealed  polycrystalline  commercial  aluminium  alloys  were 
studied  between  4 and  300  K using  a pulse-superposition  method.  Results  are  given  for 
longitudinal  sound  velocity,  transverse  sound  velocity.  Young’s  modulus,  shear  modulus, 
bulk  modulus  (reciprocal  compressibility),  Poisson's  ratio,  and  elastic  Debye  temperature. 
The  elastic  stiffnesses  of  the  alloys  Increase  4 to  13%  on  cooling  from  room  temperature  to 
liquid  helium  temperature.  The  elastic  constant-temperature  curves  exhibit  regular 
behaviour. 


1.  introduction 

Aluminium  alloys  are  used  extensively  at  cryo- 
genic temperatures  because  of  their  favourable 
mechanical  properties.  These  properties  include 
increased  strength  without  loss  of  ductility  at 
lower  temperatures,  absence  of  a ductile-brittle 
fracture  transition,  and,  for  some  alloys,  high 
strength-to-weight  ratios. 

Knowledge  of  a material’s  elastic  constants  is 
essential  for  understanding  its  mechanical 
behaviour.  Most  mechanical  behaviour  is  best 
described  by  a dislocation  model,  and  the  elastic 
constants  (usually  the  shear  modulus  and 
Poisson’s  ratio)  occur  in  most  equations  des- 
cribing the  stress-strain  state  of  a dislocated 
solid. 

In  this  paper,  the  elastic  properties  of  four 
wrought  aluminium  alloys  (commonly  desig- 
nated 1100,  5083,  7005,  and  7075)  are  reported 
over  the  temperature  range  300  to  4 K.  These 
properties  include  the  longitudinal  modulus, 
't'oung’s  modulus,  the  shear  modulus,  the  bulk 
modulus  (reciprocal  compressibility),  and 
Poisson’s  ratio.  While  the  changes  of  the  elastic 
constants  in  this  temperature  range  are  only 
moderate  (4  to  13%),  exact  values  of  the  elastic 
constants  are  very  useful  design  parameters, 
permitting  accurate  calculations  of  deflections 
for  any  combination  of- stress  and  temperature. 
Low-temperature  elastic  constants  are  also  quite 
valuable  theoretically;  they  permit  the  calcula- 


tion of  the  Debye  characteristic  temperature, 
which  is  related  in  turn  to  a wide  variety  of  solid- 
state  phenomena  that  depends  on  the  vibrational 
properties  of  solids. 

An  ultrasonic  (10  MHz)  pulse-superposition 
method  was  used  for  determining  the  velocity,  u, 
of  a sound  pulse  propagated  through  the  speci- 
men. The  elastic  modulus,  C,  is  then  given  by 
C = pv^,  where  p is  the  mass  density.  Different 
elastic  constants  were  determined  from  different 
modes  of  ultrasonic  excitation.  This  method  has 
many  advantages;  small  specimens  are  sufficient, 
thus  ancillary  equipment  such  as  probes  and 
dewars  can  also  be  small,  and  refrigeration  costs 
are  low;  specimens  can  have  a simple  geometry 
and  can  be  easily  prepared ; measurements  ca  i 
be  made  as  nearly  continuously  as  desired; 
relative  precision  is  high,  about  one  part  in  10* 
for  the  velocities;  laboratory-to-laboratory  varia- 
tions of  the  elastic  constants  are  typically  a few 
percent  or  less;  and  tests  are  completely  non- 
destructive. 

Low-temperature  elastic  data  for  aluminium 
alloys  have  two-fold  interest.  First,  the  elastic 
constants  provide  bcsic  information  about 
interatomic  forces.  Second,  the  same  numbers 
are  essential  design  parameters  for  stress-bearing 
members.  Data  given  here  permit  the  load- 
deflection  behaviour  of  the  alloys  to  be  accurately 
predicted  between  room  temperature  and  liquid 
helium  temperature.  Accurate  elastic  data 
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become  especiiilly  important  in  applications 
iin Giving  high  stresses,  large  structural  parts,  or 
precision  parts. 

2.  Materials 

Aluminium  alloy  MOO  is  commercial  quality 
aluminium,  It  has  good  corrosion  resistance,  high 
electrical  and  thermal  conductivities,  high  duc- 
tility, but  low  strength  properties.  Strength  can 
be  improved  somewhat  by  strain-hardening 
withoi  t significantly  decreasing  other  properties. 
The  main  impurities  in  this  alloy  are  usually  iron 
and  silicon. 

Aluminium  alloy  5083  isc'  laetcri/ed  by  good 
welding  properties  ;ind  \ij  good  corrositm 
resistance  in  marine  environn.ent.  Magnesium  is 
the  major  alloying  element  and,  along  with 
mangiinese.  produces  a moderately  strong,  yet 
duetde  alloy,  which  does  not  respond  to  heat- 
treatment.  The  strength  properties  of  .‘'083 
improve  with  lower  temperatures.  The  main 
advantage  of  5083  seems  to  be  its  weldability; 
welds  as  strong  as  the  base  metal  can  be  obtained, 
Currently  this  alloy  is  being  used  in  a number  of 
applictitions  involving  the  manufacture,  transfer, 
and  storage  of  liquelied  natural  gas;  these 
applications  require  many  millions  of  kilograms 
of  material. 

Aluminium  alloy  7005  is  a heat-treatable  alloy 
containing  zinc  tind  magnesium,  which  arc 
balanced  to  obtain  a natural-ageing  alloy, 
C hromium  is  added  to  reclace  corrosion  of  the 
heat-alfected  weld  /ones,  and  /irconium  is 
added  to  reduce  weld  cracking  and  to  improve 
mechanical  pri’pcrtics. 

Aluminium  alloy  7075  contains  zinc  as  the 
major  alloying  clement,  together  with  a small 


percentage  of  magnesium.  This  alloy  can  be 
precipitation-hardened  to  produce  high  strength. 
(However,  the  studies  reported  here  were  made 
on  annealed  alloys.) 

Details  of  compositions,  heat-treatments, 
mass  densities,  and  hardnesses  of  the  alloys  arc 
given  in  Tables  I and  II. 

3.  Experimental 

Alloys  were  obtained  from  commercial  sources; 

1 100  and  7075  in  the  form  of  1.9  cm  rods,  5083 
and  7005  in  the  form  of  1,9  cm  thick  plate. 
Cylindrical  specimens  1,6  em  diameter  and  1,6 
cm  long  were  prepared  by  grinding.  Opposite 
faces  were  flat  and  parallel  within  2.5  pm. 
Specimens  were  annealed  at  a pressure  of 
5 X 10  “ Torr,  or  less,  and  cooled  in  the 
furnace.  Hardnesses  were  determined  by  stan- 
dard metallurgical  methods,  and  mass  densities 
were  determined  by  Archimedes's  method  using 
distilled  water  as  a standard. 

Quartz  transducers  (10  MHz)  were  bonded  to 
the  specimens  with  phenyl  salicylate  lor  room- 
temperature  measurements  and  with  a stopcock 
grease  for  lower  tcmpertitures.  In  a lew  cases, 
failure  of  these  bonds  at  very  low  temperatures 
required  using  a silicone  fluid  (viscosity  2 > 
1(F  I’  at  25  C ) for  bonding.  The  low-temperature 
apparatus  was  described  previously  [I]. 

A pulse-superposition  method  was  used  to 
determine  the  sound-wave  velocities  over  the 
tempcriiture  range  300  to  4 K.  Details  concerning 
this  method  were  given  elsewhere  [2], 

4.  Results 

Quantities  that  were  measured  directly  are  the 
loncitudinal  and  the  transverse  sound-wave 


lAIU.t-  I C omposiiions  of  lire  allo)s,  mill  anal>scs.  vvi 
Allov  Al  C'r  C'u  he  My 


not)  Dul 

50SV  Hal 
700.S  Hal 

7075  Hal 


0.01  0.007 

0.1 


FABLE  II  Propenics  ol  iIk  alli>>s 


Hardness  (DPH  no  , 
I kg  loadi 


Mass  dcnsiiy  at 
294  K Ig  cm  ^1 


Condilion 

Annealed  .545  C;  furnace  cooled 
Annealed  41.5  C,  J h;  riimace  cooled 
Annealed  400  C,  5 h;  furnace  cooled 
Annealed  415  C,  5 li;  furnace  cooled 
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Figure  I Temperature  variation  of  the 
longitudinal  modulus. 
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velocities  ui  and  ut.  From  these,  the  longitudinal 
modulus,  C),  and  the  transverse  modulus,  G, 
were  calculated  according  to 


Cl  = pv\^ 


G = . (2) 

These  moduli  are  shown  in  Figs.  1 and  2 for  the 
temperature  range  studied.  No  corrections  were 
made  for  the  change  of  mass  density  with 


temperature;  for  aluminium  this  introduces  a 
maximum  error,  over  300  K,  of  0.4"„.  Errors  in 
the  absolute  velocities  are  believed  to  be  about 
1%  or  less.  All  the  other  elastic  constants  that  are 
used  to  describe  polycrystalline  aggregates  are 
simply  related  to  these  two  moduli.  The  moduli 
considered  here  - the  shear  modulus  G,  Young's 
modulus  £,  the  bulk  modulus  B,  and  Poisson's 
ratio  V - are  given  by: 


O'  = C, , 


Figure  J Tempcraiure  variation  of  the 
transverse  or  shear  modulus. 
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E = 3G(C,  - 4r,)/(Ci  - CO , (4) 

B = C\-\Ci,  (5) 

and 

r = }(Ci  - 2C,)/(Ci  - C,) . (6) 

The  elastic  constants  obtained  from  these 
relationships  are  shown  as  functions  of  tempera- 
ture in  Figs.  3 to  5.  Values  of  the  elastic  constants 
at  selected  temperatures  are  given  in  Table  III. 

The  temperature  variations  of  the  elastic 
constants  can  be  described  mathematically  in 
various  ways.  In  this  case,  the  temperature 


dependences  of  both  Ci  and  Ct  were  fitted  to  a 
theoretical  relationship  suggested  by  Varshni  [3]: 


where  C is  any  elastic  constant  (Ci  and  Ct  in  this 
case),  C°,  s,  and  t are  adjustable  parameters  and 
T is  temperature.  The  value  of  C at  T = 0 K is 
C°.  and  — sjt  is  the  high-temperature  limit  of  the 
temperature  derivative  dC/dT.  By  invoking  an 
Einstein  oscillator  model  of  solids,  it  can  be 
shown  (in  the  absence  of  electronic  effects)  that 
l is  the  Einstein  characteristic  temperature. 


Figure  J Temperature  variation  of  Young’s 
modulus. 


ar  0,754 


Figure  4 Temperature  variation  of  the 
bulk  modulus  (reciprocal  compressibility). 


TABLE  III  Values  of  the  elastic  constants  of  aluminium  alloys  at  selected  temperatures  in  units  of  10”  N m ^ except  v,  which  is  dimensionless 
Present  results  Previous  resullsf 
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•Calculated  from  single-crystal  data  in  [4], 

tEntries  in  parentheses  were  derived  using  standard  formulae. 
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Figure  5 Temperalure  variation  of 
Poisson’s  ratio. 
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Parameters  C , .v,  and  t (determined  by  a least- 
squares  fit  of  Equation  7 to  the  data)  are  given 
in  Table  IV.  Average  differences  between 

TABLE  IV  Paiamelers  in  Equation  7 

Alloy  Mode  C“  (10"  N m *)  t (10"  N m “)  t (K) 


where 


1100  1 

1.136 

0.0903 

255.9 

t 

0.2892 

0.0301 

206.9 

5083  1 

1.151 

0.0926 

235.3 

t 

0.3067 

0.0381 

206.7 

7005  1 

1.175 

0.0928 

240.0 

1 

0.2963 

0.0327 

203.5 

7075  1 

1.126 

0.0707 

219.6 

1 

0.2961 

0.0344 

223.3 

measured  and  curve  values  are  0.03"„  and  0.06"„ 
for  the  longitudinal  and  transverse  moduli, 
respectively.  Room-temperature  values  of  the 
temperature  coefficients  of  the  elastic  moduli  are 
given  in  Table  V ; these  values  occur  in  the  linear 
high-temperature  region. 


TABLE 

V Temperalure 
consianis  ai 

coefTicients  of  the 
room  temperature  (10 

clastic 
’ K ■) 

Alloy 

1 d« 

1 d£ 

1 dO' 

1 d ■' 

B dr 

£ dr 

0 dr 

V dr 

1 100 

-2.01 

-5.01 

-5.37 

1.41 

5083 

- 1.92 

-6.06 

-6.58 

2.08 

7005 

-2.13 

-5.48 

-5.88 

1.54 

7075 

-1.58 

-5.08 

-5.52 

1.75 

Aluminium’  —1.97 

-5.53 

-5.77 

1.80 

’Derived  from  single-crystal  data  in  (4). 

The  elastic  Debye  temperature,  6,  can  be 
calculated  from  the  elastic  wave  velocities  by  [5] : 

e = K V . (8) 


- 

k \ 477/4 


Here  h is  Planck's  constant,  k is  Boltzmann's 
constant,  N is  Avogadro's  constant,  p is  the  mass 
density,  and  A is  the  effective  atomic  weight.  The 
average  velocity  is  given  by 


<u  = 


ur'*  -I-  2ut 

3 


The  elastic  Debye  temperatures  for  the  four 
alloys  at  r = 0 K,  and  also  for  unalloyed 
aluminium  are  given  in  Table  VI. 

TABLE  VI  Elastic  Debye  temperatures  at  T = 0 K 


1100  426.2 

508:t  440.4 

7005  425.9 

7075  422.2 

Aluminium  430.6* 


’Calculated  from  single-crystal  data  m (4). 


5.  Discussion 

As  shown  by  the  data  in  Table  111,  changes  in  the 
elastic  constants  of  aluminium  and  its  alloys 
between  300  and  4 K are  about  4",,  for  B and 
I',  and  12"„  for  E and  G.  These  changes  are 
somewhat  larger  than  those  observed  in  alloys 
based  on  copper  or  iron,  for  example.  Most  of 
the  changes  occur  above  about  KX)  K.  Below 
this  temperature  the  elastic  constants  change 
only  slightly  with  temperature.  Thus,  any 
changes  in  the  mechanical  behaviour  of  these 


LOW. TEMPER  ATUKi;  ^_AST1C  PROPERTIES  OF  FOUR  ALUMINIUM  ALLOYS 


alloys  in  this  temperature  region  probably  cannot 
be  ascribed  to  an  elastic  origin. 

The  temperature  behaviour  of  the  elastic 
constants  of  the  aluminium  alloys  reported  on 
here  is  quite  regular.  The  moduli  decrease 
regularly  with  increasing  temperature  and  the 
modulus-temperature  curves  are  relatively  flat  at 
low'  temperatures.  Also,  in  accord  with  the  third 
law  of  thermodynamics,  the  slopes  dC/dT 
approach  zero  at  zero  temperature.  A linear 
temperature  dependence  is  exhibited  above  about 
150  K,  which  is  roughly  one-third  of  the  Debye 
temperature.  Besides  indicating  the  absence  of 
magnetic  or  structural  transitions,  this  ideal 
temperature  behaviour  suggests  that  the  an- 
harmonic  properties  of  these  alloys  can  probably 
be  explained  by  a lelativciy  simple  model. 

These  alloys  were  not  examined  for  texture. 
However,  texture  would  have  little  effect  on  their 
elastic  properties.  Aluminium  single  crystals  are 
only  slightly  anisotropic;  the  Zener  anisotropy 
ratio  for  aluminium  is  1.2;  it  is  1.0  for  the 
isotropic  case.  Aluminium’s  isotropy  is  purely 
accidental  since  aluminium,  because  of  its  three 
valence  electrons,  has  a large  band-structure 
contribution  lO  the  elastic  constants  [10].  This 
contribution  is  usually  anisotropic;  the  aniso- 
tropy is  cancelled  in  the  case  of  aluminium  by 
other  energy  terms.  Thus,  since  aluminium  single 
crystals  are  only  slightly  anisotropic,  even  a 
strongly  textured  polycrystalline  aggregate  of 
aluminium  would  have  nearly  isotropic  elastic 
behaviour. 

It  should  be  emphasized  that  the  data  reported 
here  are  dynamic  (adiabatic)  rather  than  static 
{isothermal);  they  apply  strictly  to  rapid  rather 
than  slow  loading.  However,  the  differences 
between  adiabatic  and  isothermal  elastic  con- 
stants are  small.  They  become  smaller  at  lower 
temperatures  because  of  the  diminishing  thermal- 
expansion  coefficient,  and  they  vanish  at  zero 
temperature.  Using  formulae  given  by  Landau 
and  Lifshitz  [6]  it  can  be  shown  foraluminiumat 
room  temperature: 


£s  - Et 

Et 


= 0.005 , 


B.s  — Bt 
Bt 


= 0.045  (11) 


I's  — v'T  (7s  — O’t 

= 0.020  , and  —-7^ = 0 , 

FT  Gs 

where  subscripts  S and  T denote  the  adiabatic 
and  the  isothermal  cases,  respectively.  For  £, 
B,  V and  G,  these  corrections  are  typically  in  the 
ratio  I ;9:4;0  ifv  has  a value  near 


Effects  of  alloying  on  the  elastic  properties  of 
aluminium  cannot  be  accurately  determined 
from  the  present  study  because  of  the  large 
number  of  alloying  elements  and  their  inter 
actions.  Such  effects  have  been  considered 
elsewhere  [II].  However,  some  general  observa- 
tions can  be  made  concerning  alloying.  Dis- 
regarding alloy  1100,  with  respect  to  “pure" 
aluminium,  the  shear  modulus  and  Young’s 
modulus  increased  in  all  cases  while  the  bulk 
modulus  decreased,  and  by  a larger  percentage. 
Poisson’s  ratio  decreased  in  all  four  alloys.  The 
1100  alloy,  which  contains  only  of  impurities, 

presents  an  interesting  case.  The  data  indicate 
that  while  the  shear  modulus  of  this  alloy  is 
identical  to  that  of  unalloyed  aluminium,  the  bulk 
modulus  is  higher  by  about  5“„.  Since  the  bulk 
modulus  is  not  measured  directly,  but  is  cal- 
culated from  the  difference  of  two  velocities 
according  to  Equation  5,  a compounding  of 
errors  may  account  for  this  discrepancy.  If  the 
effect  is  real,  then  it  has  important  consequences 
for  the  problem  of  averaging  single-crystal  elastic 
coefficients  to  obtain  the  bulk  modulus  of  a 
polycrystalline  aggregate. 

Finally,  approximate  relationships  among  the 
elastic  constants  are  indicated.  For  all  the  alloys 
and  for  all  temperatures,  as  a first  approximation, 

(12) 

and 

B (8/3)C  . (13) 

These  should  be  useful  for  many  engineering 
purposes  where  only  rough  numbers  are  needed 
and  only  one  of  the  elastic  constants  is  known. 

6.  Crnclusions 

From  the  results  of  this  study  the  following 
conclusions  are  drawn  : 

(1)  all  the  elastic  properties  of  aluminium 
alloys  1 100, 5083, 7005,  and  7075  behave  regularly 
with  respect  to  temperature; 

(2)  for  all  alloys  studied,  the  temperature 
behaviour  of  both  Ci  and  C|  can  be  described 
accurately  by  a theoretical  relationship  suggested 
by  Varshni; 

(3)  in  this  series  of  alloys,  in  the  annealed 
condition,  alloy  5083  has  the  highest  Young’s 
modulus,  the  highest  shear  (rigidity)  modulus, 
and  the  lowest  Poisson’s  ratio.  Alloy  7005  has 
the  highest  bulk  modulus. 
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Low-temperature  elastic  constants  of  a superconducting  coil 
composite 
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A resonant  piezoelectric  oscillator  method  for  measuring  elastic  moduli  was  applied  to  composite  materials. 

The  complete  set  of  elastic  compliances  of  a superconducting  coil  composite  was  determined 
semicontinuously  between  4 and  300  K,  Also,  two  moduli  of  a layered  fiber-glass-epoxy  composite  were 
determined;  this  composi'e  is  essentially  the  matrix  material  of  the  coil  composite.  The  Young's  moduli, 
shear  moduli,  Poisson  ratios,  and  elastic  stiffness  coefficients  are  also  reported.  Results  agree  closely  with 
elastic  data  obtained  by  conventional  testing  methods. 

PACS  numbers:  62.20.D,  74.50. 


I.  INTRODUCTION 

The  elastic  properties  of  composite  materials  are 
currently  of  considerable  interest.  Many  composites, 
because  they  have  high  mechanical  strength  and  a high 
modulus-to-density  ratio,  are  useful  as  strong  light- 
weight structural  materials.  Some  composites  have 
been  designed  for  use  at  low  temperatures,  for  exam- 
ple, as  superconducting  coils  for  high-field  magnets. 
However,  few  elastic  data  are  available  for  composite 
materials,  particularly  at  low  temperatures.  To  the 
author’s  knowledge,  no  complete  sets  of  elastic  data 
are  available  for  composite  materials  at  4 K.  Some  data 
are  useful  as  design  parameters,  and  elastic  constants 
are  among  the  most  accurately  known  fundamental 
physical  properties  of  solids. 

Because  composite  materials  are  usually  highly 
anisotropic,  the  determination  of  their  elastic  constants 
is  much  more  difficult  than  for  the  more  usual  quasi- 
isotropic  engineering  materials.  Conventional  methods 
of  measuring  the  elastic  properties  of  solids  have  been 
applied  to  composites  with  only  limited  success.  These 
methods  usually  require  relatively  large  specimens  and 
considerable  time  and  effort,  especially  if  a complete 
set  of  elastic  constants  is  required.*  These  methods,  as 
applied  to  composites,  include  vibrating’’’  or  resonant- 
beam tests,  tensile  or  compressive  tests,*’’’’  torsion 
tests,*’’  bending  tests,*’*’  and  pressure  tests.**"*’  Gen- 
erally, the  elastic  constants  measured  by  these  methods 
are  less  accurate  than  those  acquires  by  ultrasonic 
tests. 

Ultrasonic  pulse  techniques  are  limited  by  the  neces- 
sity of  using  wavelengths  that  are  large  compared  with 
fiber  diameters  and  at  the  same  time  sufficiently  small 
compared  with  the  dimensions  of  the  specimen  so  that 
true  plane-wave  conditions  can  exist.  Since  ultrasonic 
pulse  methods  aro  typically  performed  at  megahertz 
frequencies,  this  condition  cannot  be  met  for  many 
composites.  If  the  wavelength  Is  not  larger  than  the 
fiber  diameter,  the  wave  is  attenuated  and  scattered. 
Ultrasonic  pulse-echo  methods  have  been  applied  to 
some  metal-matrix  composites  with  extremely  small 
fibers.*’"*’  Even  in  these  cases  the  pulse-echo  alns 
are  poor  because  of  high  attenuation  and  dispersion.*’ 

In  fact,  Achenbach  and  Herrman*’  predicted  large  dis- 
persive effects  for  shear  waves  propagated  In  the  fiber 
direction,  even  when  the  wavelength  Is  much  larger 
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than  fiber  diameters.  Zimmer  and  Cost*’  verified  this 
prediction  by  measuring  sound  velocities  in  a unidirec- 
tional glass-reinforced  epoxy-fiber  composite.  For 
wavelength -to -fiber  diameter  ratios  of  roughly  50,  dis- 
persion increased  some  phase  velocities  by  a factor  of 
2.  Elastic  constants  of  some  carbon-fiber-reinforced 
plastics  have  also  been  measured  by  ultrasonic  pulse- 
echo  techniques . *’"’* 

Attempts  to  use  10-MHz  pulse-echo  techniques  on  the 
composite  studied  herein  were  unsuccessful.  Both  longi- 
tundal  and  shear  waves  were  propagated  along  all  orien- 
tations and  produced  no  detectable  echoes.  This  is  un- 
derstandable since  the  filament  sizes  for  this  composite, 
as  described  In  the  text,  are  larger  than  the  sound  wave- 
length. Larger  specimens  than  are  currently  available 
would  be  needed  for  1— 5-MHz  pulses,  although  it  is 
doubtful  that  even  these  frequencies  would  produce  use- 
able  echo  patterns  for  this  material. 

The  ultrasonic  imm^'islon  technique,  as  described  by 
Markham,”  is  fast  and  accurate  and  offers  the  possi- 
bility of  measuring  all  the  elastic  properties  on  one 
specimen.  However,  this  technique  is  also  limited  by 
fiber  size  and  by  sample  dimensions.”’”  The  choice  of 
ultrasonic  modes  that  can  be  propagated  in  a given  direc- 
tion in  a specimen  is  also  limited,  and  the  technique  is 
inapplicable  to  low-temperature  measurements. 

Zecca  and  Hay”  avoided  the  problems  encountered 
with  megahertz  frequencies  by  using  electrostatic 
transducers  to  generate  and  to  detect  resonant  kilohertz 
frequencies  of  a metal-matrix  composite.  Electrostatic 
transducers,  however,  cannot  be  used  with  nonmetallic 
materials. 

The  most  widely  used  ultrasonic  technique,  using 
kilohertz  frequencies,  is  the  resonant  piezoelectric 
oscillator.  This  method  is  due  principally  to  Quimby 
and  associates.”  Quimby  thoroughly  analyzed  the  vibra- 
tions of  solid  rods  driven  by  a piezoelectric  crystal,  and 
Balamuth”  first  employed  drivers  and  specimens  of 
matching  fundamental  frequencies.  Rose”  extended  this 
method  to  torsional  oscillators.  Basically,  the  piezo- 
electric properties  of  quartz  are  used  to  generate  and  to 
detect  resonant  frequencies  of  an  oscillator  consisting 
of  one  or  two  quartz  crystals,  a specimen,  and  perhi^is 
a dummy  rod,  all  cemonted  together.  This  method  has 
been  used  to  measure  elastic  moduli  at  both  high”’”  and 
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RtStNDIIT  riEZOElECIIIC  OSCIllDIOI 
FIG.  1.  Resonant  piezoelectric  oscillator  apparatus. 


1pw27.28.30.3i  temper atu  Tes , and  has  worked  well  with  both 
metals”’”  and  nonmetals. Thus,  this  technique  is 
well  understood  both  theoretically  and  practically,  and  it 
would  seem  to  be  well  suited  for  testing  composites. 

The  long  wavelengths  used  (typically  on  the  order  of 
centimeters  in  the  kilohertz  region)  are  much  larger 
than  fiber  diometcrs,  and,  jince  the  technique  employs 
standing  waves  rather  than  traveling  waves,  specimen 
sizes  can  still  be  kept  small. 

In  the  present  paper  it  is  described  how  this  resonance 
technique  was  used  to  measure  the  complete  set  of 
elastic  compliances  of  a superconducting  coil  composite, 
which  was  essentially  composed  of  an  epoxy  matrix  and 
unidirectional  copper-niobium -titanium  fibers.  The 
compliances  were  measured  semicor.tlnuously  from  300 
to  4 K.  Results  are  given  also  tor  an  epoxy-fiber-glass 
layered  composite.  The  results  generally  agreed  closely 
with  the  few  existing  static  measurements  on  the  same 
composite. 

II.  EXPERIMENTAL  PROCEDURE 
A.  Resonant  piezoelectric  oscillator 

The  three-component  resonant  piezoelectric  oscillator 
technique  was  originally  described  by  Marx,”  and  was 
discussed  in  detail  by  Fine.”  The  technique  consists  of 
bonding  quartz-driver  and  quartz-gauge  piezoelectric 
crystals  to  a specimen  to  produce  and  to  detect  a 
standing  longitudinal  (or  torsional)  resonant  wave.  Each 
component’s  length  is  adjusted  so  that  its  resonant  fre- 
quency is  closely  matched  to  that  of  the  other  compo- 
nents. The  system  is  then  driven  by  the  driver  trans- 
ducer at  its  resonant  frequency,  which  is  monitored  by 
the  gauge  crystal. 

Longitudinal  waves  are  excited  by  a -quartz  bars  of 
square  cross  section,  excited  Into  longitudinal  vibra- 
tion by  an  ac  signal  applied  to  full-length  adherent  elec- 
trodes (see  Fig.  1).  The  driver  quartz  was  fully  gold 
plated  on  two  parallel  sides  (z  faces')  with  a shallow 
notch  cut  in  the  center  of  each  electrode.  Fine  gold- 


plated  tungsten  wires,  seated  In  these  notches,  served 
to  suspend  the  resonator  assembly  at  displacement 
nodes  and  provided  the  necessary  electrical  contact. 

The  gauge  quartz  was  gold  plated  only  over  the  center 
third  of  the  two  parallel  faces  and  electrical  contact 
was  made  through  fine  wires  adhered  into  the  notches 
with  silver  conducting  paint.  The  electric  axes  of  the 
driver  and  the  gauge  crystals  were  perpendicular  to 
reduce  electrical  pickup. 

The  longitudinal  oscillator  apparatus  is  illustrated 
in  Fig.  1.  The  driver-quartz  crystal  was  suspended  by 
0.003  in  gold-plated  tungsten  wires.  The  driver  mounts, 
which  were  aluminum,  were  removed  during  the  tor- 
sional measurements,  since  the  torsional  driver  crystal 
was  suspended  between  the  Bakelite  posts  by  nylon 
threads.  The  specimens  were  cylindrical  for  all  mea- 
surements. The  chromel-constantan  thermocouple  was 
placed  near,  but  not  touching,  the  specimen.  The  en- 
tire apparatus  was  sealed  in  a thin-walled  stainless- 
steel  can.  The  can  was  partially  evacuated,  placed  in 
the  ullage  of  a helium  Dewar,  and  lowered  stepwise  to 
achieve  cooling. 

The  torsional  quartz  crystals  were  circular  with 
their  length  in  the  x direction  and  with  four  gold-plated 
electrodes  running  the  length  of  the  crystal.”  Opposite 
pairs  of  electrodes  were  electrically  connected.  The 
driver  quartz  was  suspended  vertically  by  means  of  fine 
nylon  treads  attached  with  varnish  to  opposite  sides  of 
the  quartz  near  a displacement  node  of  vibration. 

The  quartz  crystals  were  bonded  together  with  a semi- 
permanent adhesive,  Eastman  910.”  The  specimens 
were  right-circular  cylinders  and  were  also  bonded  to 
the  gauge  quartz  with  the  same  adhesive.  For  some 
torsional  experiments,  this  cement  occ.^sionally  failed 
at  low  temperatures;  such  experiments  were  repeated 
until  successful.  Other  materials  such  as  vacuum 
grease  and  epoxy  resin  have  been  used  as  low-tem- 
perature bonding  agents.” 

The  quartz  crystals  used  had  resonant  frequencies  of 
60  and  100  kHz.  Most  of  the  measurements  were  done 
with  the  60-kHz  quartz  crystals  (^-in.  square  cross 
for  longitudinal,  and  iV  diameter  for  torsional), 

but  some  were  done  with  the  100-kHz  crystals  (a  in.  in 
diameter).  The  mass  of  each  driver-gauge  combination 
was  noted  and  the  resonant  frequencies  were  monitored 
from  300  to  4 K.  The  length  of  each  specimen  was 
determined  such  that  its  resonant  frequency  for  the  en- 
tire temperature  range  was  within  approximately  5%  of 
the  oscillator  assembly  although  in  some  cases  the 
specimen  frequency  differed  by  as  much  as  10%.  The 
mass,  length,  and  diameter  of  each  speclm.en  were 
noted  and  its  mass  density  was  determined  by  Archi- 
medes’s method  using  distilled  water  as  a standard. 

The  specimen  was  then  cemented  to  the  quartz  crystals 
and  the  resonant  frequency  of  the  oscillator  was  moni- 
tored from  300  to  4 K.  No  thermal  contraction  correc- 
tions were  made;  for  the  coll  composite  described  be- 
low this  Introduces  a maximum  error  (over  a 300  K 
range)  of  about  0.5%.”  Maximum  uncertainties  in  the 
frequency  measurements  are  estimated  to  be  about  one 
part  in  10’. 
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B.  Electronics 

Most  workers  who  have  used  the  piezoelectric  oscilla- 
tor technique  have  employed  electronics  similar  to  those 
described  by  Mai’x,^'  This  system  requires  manual  ad- 
justment of  the  input  frequency  to  the  driver  crystal  to 
keep  the  oscillator  at  resonance,  A less  tinie-cousuminK 
mid  more  accurate  system  is  the  regenerative  system 
designed  by  Gerk'”  and  slightly  modified  by  Johnson.  " 

Gerk’s  system  consists  primarily  of  a closed  loop 
containing  an  amplifier  and  the  driver -gauge  combina- 
tion of  piezoelectric  crystals,  which  act  as  a resonant 
element,  with  a feedback  circuit  to  control  the  gain  of 
the  amplifier.  This  system  is  based  on  the  principles 
of  an  oscillator;  that  is,  the  output  of  an  amplifier  is 
fed  into  the  input  through  a frequency-selective  network 
(the  quartz  crystals).  The  phase  shifts  are  corrected 
with  a variable  phase  shifter.  A more  complete  de- 
scription of  the  system  was  given  by  Gerk.'*”  This  sys- 
tem locks  onto  the  resonant  frequency  and  automatically 
stays  at  the  resonant  frequency  if  this  frequency 
changes,  due  to  a change  of  the  specimen’s  environ- 
ment, .or  example. 

C.  Specimens 

The  superconducting  coil  composite  is  fully  de- 
scribed elsewhere.®”  Basically,  the  coll  is  composed 
of  a copper-stabilized  niobium-titanium  wire  (0.56 
xO.72  mm  cross  section)  coll  impregnated  with  epoxy. 
The  wire  layers  are  separated  by  layers  of  dry  fiber- 
glass cloth  (0.1  mm  thick).  The  copper-to-supercon- 
ductor  volume  ratio  of  the  wire  is  1.8-1.  The  wlre-to- 
epoxy  cross-sectional  area  fraction  is  about  3 to  1.  The 
coil  dimensions  were  approximately  19  cm  l.d.,  24 
cm  o.d. , and  10  cm  long. 

Coordinate  axes  were  chosen  to  coincide  with  the 
specimen  axes . The  longitudinal  axis  (3  axis)  coincides 
with  the  axis  of  the  wire,  which  was  assumed  to  have 
zero  helix  angle.  The  1 and  2 axes  lie  along  the  radius 
and  coil  axes,  respectively,  and  form  an  orthogonal 
set  with  the  3 axis.  The  symmetry  of  the  coil  (ortho- 
rhombic) requires  nine  elastic  constants  to  characterize 
the  material.  By  assuming  the  material  to  be  trans- 
versely isotropic  and  by  neglecting  the  effects  of  curva- 
ture, the  number  of  independent  elastic  constants  is  re- 
duced to  five.  An  orthotropic  body  with  transverse  iso- 
tropy has  the  same  symmetry  as  close-packed  hexa- 
gonal crystals  such  as  magnesium  and  zinc.  Justifica- 
tion for  equating  the  1 and  2 axes  is  given  elsewhere,®” 
and  additional  experimental  data  show  that  the  effect  of 
curvature  on  the  moduli  is  minor. 

The  masses,  lengths,  and  angles  between  the  speci- 
men axis  and  the  3 axis  are  given  in  Table  I.  The  den- 
sity of  the  coil  composite  was  found  to  be  6.000  g/cm®. 

Besides  the  superconducting  coil,  some  specimens 
composed  only  of  the  fiber-glass  cloth  and  epoxy  were 
available.  The  fiber-glass— to— epoxy  volume  ratio  in 
these  samples  w.is  approximately  the  same  as  in  the 
Cull  composite.  Measurements  were  made  on  two  speci- 
mens of  this  material.  Dimensions  and  orientations  of 
these  specimens  are  also  reported  in  Table  I,  with  the 
angle  9 corresponding  to  the  angle  between  the  speci- 
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TABLE  I,  Dimensions  and  orientations  of  specimens. 


Specimen 

No. 

Diameter 

(In.) 

Mass 

(g) 

Length 

(cm) 

6 

(deg) 

Siipcroonduoting  coil  composite  specimens 

1 

0. 1250 

0.540 

1.1128 

90 

2 

0. 1250 

0.925 

1.9439 

0 

3 

0. 1«03 

1.081 

1,0818 

0 

4 

0.1890 

1.248 

1.1481 

90 

5 

0,1875 

1.874 

1.  7600 

00 

6 

0.1851 

1,327 

1.2555 

00 

Epoxy-flber-glass  composite  specimens 

1 

0.1875 

0.885 

2. 5387 

0 

2 

0.1878 

0.  520 

1.4862 

0 

men  axis  and  the  direction  parallel  to  the  layers  of 
fiber-glass  cloth.  The  density  of  this  material  was 
found  to  be  1.931  g,''cm®.  This  material  can  also  be 
considered  transversely  isotropic,  if  the  fiber-glass 
is  considered  transversely  isotropic.  Thus,  five  con- 
stants are  again  needed  to  completely  characterize  the 
material  elastically.  Cylindrical  specimens  of  only  one 
orientation  were  available;  thus,  only  two  elastic  con- 
stants of  the  fiber-glass— epoxy  matrix  material  were 
cetermined. 

III.  RESULTS 

The  directly  measured  quantity  in  these  measure- 
ments Is  /o,  the  frequency  of  the  three-component  piezo- 
electric resonator.  For  longitudinal  resonance  the  fre- 
quency of  the  specimen  (/^)  can  be  found  from/„,  the 
frequency  of  the  driver-gauge  quartz  assembly  (/^),  the 
mass  of  the  specimen  (m^),  and  the  mass  of  the  quartz 
(m.) 

+ (1) 

This  formula  Is  more  exact  than  the  approximation 

f,  =/o  + (/o  (2) 

which  is  usually  quoted  and  used  for  resonant 
oscillators.®^ 

The  formula  for  the  torsional  oscillator  is  somewhat 
more  complicated  since  the  moments  of  inertia  (rather 
than  the  masses)  of  the  components  are  Involved®®: 

(3) 

Here,  r,  is  the  radius  of  the  quartz  and  r,  is  the  radius 
of  the  specimen. 

The  Young’s  modulus  E or  shear  modulus  G for  the 
particular  orientation  of  the  specimen  is  given  by 

EorG  = 4L\f]p.  (4) 

E is  found  from  the  longitudinal-mode  fund  \mental  fre- 
quency a’xi  G Is  found  from  the  torsional-mode  funda- 
mental frequency.  In  Eq.  (4),  L is  the  specimen  length 
and  p Is  the  mass  density. 

Thus,  the  measured  quantities  are  the  Young’s  and 
shear  moduli,  which  are  directly  related  to  the  clastic 
compliances  S,y.  However,  if  the  wavelength  is  not 
much  larger  than  the  sample  dimensions,  a correction 
for  the  Poisson  contraction  (or  lateral  motion)  must  be 
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TABLE  II.  Expertmenti  performed  on  superconduotlng  ooil 
composite. 


Exp, 

No. 

Spec. 

No. 

Mode 

9 

Measured  quantity 

i 

1 

L 

90 

^11 

2 

2 

L 

0 

*”■4 

3 

3 

T 

0 

‘’■■-4 

4 

4 

T 

90 

Sjj+Ses 

5 

5 

L 

60 

P . 16 

9Sjj+S33  + 6S,3  + 3S44 

6 

6 

T 

60 

r . 8 

3511  + 3S33-  65jj,  + 2S44’^353fl 

applied  to  Young’s  modulus.”  When  the  length-to-diam- 
eter  ratio  is  10  to  1,  this  correction  amounts  to  about 
one  part  in  10’. 

The  value  of  Young’s  modulus  for  an  arbitrary  direc- 
tion in  a specimen  with  transverse  Isotropy  is  given  in 
terms  of  the  elastic  compliances  by^'* 

1/E  = S,i  sln'‘6  + Sjj  cos'*fl  + (2Su  + S„)  sin’6  cos’fi,  (5) 

where  8 is  the  angle  between  the  specimen  axis  and  the 
unique  axis.  Similarly,  the  shear  modulus  is 

1/G  =5^^  + (Sjj  - Sj2  - JS44)  sin*6 

+ 2 (Sj  1 + S33  - 2Sj3  - S44)  s in’  e cos’  e . 

Most  measurements  were  made  during  cooling.  All 
experiments  were  performed  at  least  twice,  and  any 
unusual  behavior  was  examined  on  heating  as  well  as 
cooling,  for  reversibility. 

A.  Supf  '^conducting  coil  composite 

Measurements  made  on  the  coil  composite  are  listed 
in  Table  n.  Again,  6 is  the  angle  between  the  specimen 
axis  and  ^he  3 axis  (longitudinal  axis).  The  mode  speci- 
fies either  longitudinal  or  torsional  oscillations.  The 


FIG.  3.  Young’s  modulus  of  the  superconducting  coll  compo- 
site, e = 0“. 


subscripts  on  E and  G designate  the  direction  of  the 
force  and  the  plane  on  which  the  force  is  applied,  re- 
spectively. The  compliances  S^,  S,,,  and  S44  are  found 
directly  from  experiments  1,  2,  and  3,  respectively. 
From  experiment  4,  is  found  using  the  relation 
2(S,i  -Si2)  = Sj8  and  the  value  of  from  experiment  3. 
Either  specimen  5 or  6 can  be  used  to  determine  S13. 
This  compliance  must  be  determined  from  a measure- 
ment on  a specimen  with  its  axis  at  an  angle  to  the 
longitudinal  direction.  As  can  be  seen  from  Table  U, 
however,  the  Young’s  or  shear  modulus  measured  on 
specimens  with  0°  < 6 00°  is  only  partly  dependent  on 
Sjj.  Thus,  Sj3  will  be  the  least  accurately  determined 
compliance.  The  measurement  of  this  compliance  cor- 
responds to  the  measurement  of  the  elastic  stiffness 
C,3  by  megahertz  ultrasonic  techniques.  Zimmer  and 
Cost*’  encountered  difficulty  in  measuring  Cjj  for  a 
composite  material  and  their  estimated  uncertainty  in 
this  elastic  constant  (100%)  was  ascribed  to  dispersion 
as  well  as  to  the  relatively  high  inaccuracy. 

The  experimental  data  are  presented  in  Figs.  2—7. 
The  smooth  curves  represent  regular  temperature  be- 


IH  NO 
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FIG.  2,  Young’s  modulus  of  the  superoonductlng  coll  oompo- 
stte,  9»90*. 


FIG,  4.  Shear  modulus  of  the  superconducting  ootl  composite, 
9’=  O’. 
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FIG.  5.  Shear  modulus  of  the  superconducting  coil  composite,  FIG.  7.  Shear  modulus  of  the  superconducting  coll  composite, 

e = 90».  « = 60*. 


havior  as  given  by  a theoretical  relationship  suggested 
by  Varshni^’  that  has  been  used  successfully  to  repre- 
sent the  temperature  dependences  of  metals,*’  ionic 
solids,*’  and  several  alloys.*’  The  over- all  fit  of  this 
function  to  these  data  is  not  nearly  as  good  as  for  other 
materials,  and  the  data  for  £,3  could  not  be  fitted  to  the 
Varshni  function  because  of  its  concave-upward  curva- 
ture. A smooth  curve  was  drawn  through  the  data  points 
and  the  actual  point  values  were  used  in  calculations. 
This  modulus  was  measured  several  times  to  check  its 
behavior,  and  data  from  different  measurements  agreed 
closely.  These  data  had  completely  reversible  tempera- 
ture response. 

The  shear  modulus  corresponding  to  shearing  the 
axial  planes  in  the  radial  direction  G,j,  or  vice  versa, 
is  shown  in  Fig.  8.  This  modulus  was  calculated  from 
the  curve  values  of  and  G',  since  Gu  = l/Sgj. 

Because  of  the  difficulty  in  machining  the  specimens 
to  small  radii,  the  ratios  of  lengths  to  diameters  were 
in  some  cases  on  the  order  of  4 or  5 to  1 . The  estimated 
correction  to  the  Young’s  moduli  in  these  cases  is  still 
only  about  1%. 


FIG.  6.  Young’s  modulus  of  the  superconducting  coil  compo- 
site, 9 = 60°. 
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The  elastic  compliances  as  functions  of  temperature 
are  given  in  Table  III.  The  compliances  S^,  Sj,,  and 
S,4  are  just  reciprocals  of  £3,,  and  G^,  as  men- 
tioned previously.  The  error  in  the  directly  measured 
moduli  is  estimated  to  be  about  1%;  thus  these  com- 
pliances should  be  accurate  to  1%  also.  The  compliance 
S,j  is  found  from  combining  the  results  of  three  mea- 
surements. Thus,  S12  may  be  less  accurately  known.  It 
was  found  that  in  solving  for  from  either  Eq.  (5)  or 
(6),  a 1%  error  in  the  measured  modulus  led  to  a 10— 
20%  error  in  S13.  Thus,  the  error  associated  with  8,3 
is  considerable,  perhaps  as  much  as  100%.  The  values 
reported  for  8,3  are  the  average  of  the  values  found 
from  experiments  5 and  6,  which  are  -0.110  and 
-0.058,  respectively.  From  the  material  available,  it 
was  not  possible  to  machine  specimens  with  0<6O°  for 
other  determinations  of  813.  As  expected,  the  material 
was  found  to  be  highly  anisotropic  with  8,3*2833. 

It  is  emphasized  that  the  data  reported  here  are  dy- 
namic (adiabatic)  rather  than  static  (isothermal)  and 
^ply  to  rapid,  rather  than  slow,  loading.  Conversion 
formulas  are  given  in  Landau  and  Litschitz,*’  for  ex- 


FIG.  8.  Shear  modulus  G,,  of  the  superconducting  coil 
composite. 
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TABLE  III.  Elastic  compliances  of  the  superconducting  coll 
composite  at  selected  temperatures  (lO'*”  m*/N)  as  determined 
by  resonance  oscillator  techniques. 


TOO 

Sn 

S,2 

Si3 

'‘’33 

®li8 

0 

0.242 

-0.074 

-0.061 

0. 112 

0.910 

0.  631 

50 

0.242 

-0.074 

-0.061 

0. 113 

0.910 

0.632 

100 

0.248 

-0.076 

-0.  066 

0. 115 

0.920 

0.648 

150 

0.260 

-0.  083 

- 0. 073 

0.118 

0.964 

0.684 

200 

0.275 

-0.  189 

-0.079 

0.119 

1.046 

0.728 

250 

0.204 

-0.094 

-0.082 

0.121 

1.  170 

0.  776 

300 

0.316 

- 0.  096 

-0.084 

0.123 

1.350 

0.  823 

ample;  In  most  cases  the  differences  between  adiabatic 
and  isothermal  el.TStlc  constants  are  smalt.  These 
formulas  Involve  the  thermal-expansion  coefficients  and 
the  specific  heat.  The  thermal -expans ion  coefficients 
are  known  for  this  composite,^®  but  the  specific  heat  has 
not  yet  been  determined.  If  an  estimate  of  the  specific 
heats  of  the  components,  the  difference  between  the 
adiabatic  and  isothermal  Young’s  moduli  is  at  most 
0.5%.  The  adiabatic  and  Isothermal  shear  moduli  are, 
of  course,  equal. 

B.  Epoxy-fiber-glass  composite 

Measurements  were  also  made  on  the  epoxy— fiber- 
glass specimens  listed  in  Table  I.  Tnese  specimens 
were  oriented  with  the  layers  of  fiber-glass  cloth  run- 
ning the  length  of  the  specimen;  these  were  the  only 
orientations  available.  The  Young’s  and  shear  moduli 
are  shown  in  Figs.  9 and  10.  The  shear  modulus  Is  well 
represented  by  the  Varshnl  function,  and  is  seen  to  have 
normal  temperature  behavior.  A smooth  curve  was 
drawn  through  the  Young’s  modulus  data,  which  could 
not  be  fitted  to  the  Varshni  function  because  of  the  low- 
temperature  maximum. 

IV.  DISCUSSION 

Some  elastic  data,  taken  by  conventional  static 
methods,  were  available  for  the  superconducting  coll 
composite  and  the  epoxy— fiber-glass  composite.’® 

These  data  generally  compared  very  favorably  with  the 
resonance  data.  For  example,  resonance  values  of 
at  room  temperature  and  4 K are  12  and  1%  larger  than 


FIG.  9.  Young’s  modulus  of  epoxy— fiber-glass,  S = 0*. 
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the  static  data  taken  at  these  temperatures . The  Inac- 
curacy of  the  static  values  is  given  as  about  10%.  Also, 
resonance  values  of  F33  agree  with  the  static  data  within 
5—7%  , and  resonance  values  of  agree  with  the  static 
values  within  6— 11%. 

Other  elastic  constants  of  inierest  include  the  Poisson 


ratios : 

Pl3- 

(7) 

and 

“ ^13/  *^33  » 

(8) 

where  represents  the  negative  ratio  of  strain  in  the 
j direction  to  strain  In  the  i direction. 

The  value  of  Vu  at  room  temperature  is  0.304.  The 
reported’-'  static  value  Is  0.335,  with  the  inaccuracy 
again  believed  to  be  about  10%.  Thus,  this  result  gives 
added  confidence  to  the  resonance  value  of  S^.  However, 
the  Poisson  ratio  ^,3,  involves  the  compliance  5,3, 
which  has  already  been  noted  to  be  much  more  inac- 
curate than  the  other  four  compliances.  In  fact,  if  the 
room -temperature  values  of  and  S33  are  used,  Pu 
= 0 . 683 , whereas  the  static  value  Is  0.333.”  Since  the 
other  elastic  constants  are  all  In  relatively  good  agree- 
ment with  the  static  values.  It  is  reasonable  to  expect 
that  p,3  should  be  also.  Thus,  the  value  of  5,3  is  highly 
suspect,  especially  since  a value  near  3 seems  more 
realistic  for  Poisson’s  ratio. 

It  is  also  of  Interest  to  consider  the  compressibilities . 
For  a material  with  transverse  isotropy,  the  linear 
compressibilities  are 

and  (9) 

^3  = 2Sj3  + S33, 

where  the  subscripts,  designate  the  axis.  Also,  the  vol- 
ume compressibility  is 

K = 2k^+k3.  (10) 

If  the  room-temperature  values  of  the  compliances, 
as  given  In  Table  HI,  are  used,  then  li,  = 0.136xi  0'‘° 


» •«(- 
0 w*|- 


FIG.  10.  Shear  modulus  of  epoxy— fiber-glass, 
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rAI3Lb  IV,  Elastic  stiffnesses  of  the  superconducting  coil 
composite  at  selected  temperatures  (10‘°  N/m^) . 


TiK) 

^12 

r » 

Cj,‘ 

^OG 

0 

.5.  10 

1.94 

2. 39 

10.  59 

1.10 

1.58 

50 

5.10 

1.93 

2.39 

10.46 

1.  10 

1.  58 

100 

•1.  99 

1.90 

2.34 

10.27 

1.09 

1..54 

1;')0 

1.  80 

1.  87 

2.27 

10.  05 

1.04 

1.46 

200 

4.  54 

1.79 

2,15 

9.86 

0.96 

1,37 

250 

4.21 

1.63 

1.99 

9.64 

0.85 

1.29 

:)00 

3.  82 

1.39 

1,77 

9.35 

0.74 

1.22 

“These  constants  are  dependent  on  and  were  calculated 
using  the  static  value  of  Vu,  which  v'as  taken  as  Independent 
of  temperature. 


N,  ^^3= -0.045x10-“’ m^N,  and  a:  = 0. 027x1  O' “* 
m’’  N.  However,  if  the  Poisson  ratio  t/,3  is  taken  as  5, 
then  Sj3=:  - 0.  v41  xlO"*'’  m“/N  at  room  temperature,  and 
A’,  = 0.179xl0-“’  rnVN  fe3  = 0.041  xlO'*"  mVN,  and  the 
volume  compressibility /f  = 0.399  xlO'*®  m^/N.  The 
relatively  large  value  for  p,,  and  the  negative  fe,  that  re- 
sult from  the  resonance  Sjj  may  not  be  unreasonable, 
considering  the  multicomponent  material.  The  elastic 
stiffness  coefficients,  however,  can  be  calculated  from 
the  compliances  and  indicate  that  the  resonance  value  of 
5,3  is  in  error, 


The  el^tic  stiffnesses  {C,j}  can  be  directly  calculated 
by  inverting  the  matrix  it  all  the  compliances  are 
known.  Tlie  explicit  relationships  are'"' 


C 


u ■ 


“ ‘’13 

('’u  - S = « 


*^13  ~~ 

'>•^.1  - \,)S  ’ 
~ ■S13 


s 


and 


(11) 


where  S=S,JS^^  +S^.J-2S‘j.  Except  for  and  Cgg, 
these  relationships  depend  strongly  on  5,3.  Using  the 
resonance  value  of  S^,  the  elastic  stiffnesses  that  de- 
pend on  Sj3  are  found  to  increase  with  increasing  tem- 
perature, which  is  contrary  to  normal  behavior.  Since 
the  Young’s  and  shear  moduli  all  behave  fairly  regularly 
with  temperature,  the  resonance  value  of  S,,  seems  un- 
reasonable. In  calculating  the  elastic  stiffnesses,  then, 
a value  of  5 for  was  used,  and  this  Poisson’s  ratio 
was  taken  as  constant  with  temperature.”  It  is  believed 
that  the  elastic  stiffnesses  obtained  this  way  are  more 
accurate  than  those  obtained  using  the  resonance  value 
of  S,3.  The  elastic  stiffnesses  are  given  in  Table  IV. 

As  expected,  the  elastic  properties  of  this  composite 
are  highly  anisotropic.  The  anisotropy  is  best  described 
by  considering  the  percent  elastic  anisotropy  as  dis- 


cussed by  Chung  and  Buessem.”  For  transversely  Iso- 
tropic symmetry,  this  scheme  Involves  using  the  con- 
ventional anisotropy  ratios  (the  linear  compressibility 
ratio  A„  = Ay  and  the  shear  anisotropy  = 044/033) 

to  calculate  anisotropy  parameters  A*  and  A*  with  the 
following  properties:  A*  is  zero  for  materials  that  are 
elastically  isotropic,  i.e. , A = l;  A*  is  always  positive 
and  a single-valued  measure  of  the  elastic  anisotropy  of 
a material  regardless  of  whether  A < 1 or  A > 1;  and  A* 
gives  the  relative  magnitude  of  the  elastic  anisotropy 
present  in  the  material.  For  this  composite  A„=0.23, 

A*  = 8.4%,  Aj*0.61,  andA*=12.3%.  For  comparison, 
A*  *9.9%  and  A*  * 13 . 7%  for  zinc, ” which  is  one  of  the 
most  anisotropic  hexagonal  metals. 

The  static  value  of  Young’s  modulus  of  the  fiber- 
glass-epoxy is  also  available.”  This  Young’s  modulus 
was  measured  on  a specimen  oriented  like  the  one  used 
for  the  resonance  measurements.  The  resonance  and 
static  values  differ  by  4-10%.  There  was  no  evidence  of 
a maximum  in  the  static  data,  but  it  is  believed  that  the 
maximum  Is  real.  This  maximum  was  observed  during 
several  measurements  and  was  completely  reversible. 
No  explanation  for  this  behavior  can  be  given  at  this 
time. 

V.  CONCLUSIONS 

The  resonant  piezoelectric  oscillator  method  used  in 
this  work  is  generally  suitable  for  measuring  the  elastic 
properties  of  composite  materials.  This  method  is  ac- 
curate, fast,  and  requires  (,nly  smaP  specimens.  It  is 
suitable  for  measurements  at  all  temperatures  from  0 K 
to  greater  than  lOOO'C.^"’”  The  general  techniques  and 
theory  of  this  method  are  well  understood.  This  method 
does  not  appear  to  have  the  limitations  of  static  and 
other  ultrasonic  techniques. 

The  elastic  compliance  data  presented  in  this  work 
generally  agree  well  witli  existing  data  taken  by  conven- 
tional static  methods,  with  the  exception  of  S13.  It  is 
believed,  however,  that  if  specimens  with  different 
orientations  were  available,  a more  accurate  determina- 
tion of  Sj3  could  be  made.  These  data  can  be  used  to  cal- 
culate other  elastic  properties,  such  as  the  elastic  stiff- 
ness coefficients  and  compressibilities.  However,  many 
of  these  elastic  properties  depend  on  S,,,  and  their  ac- 
curacies would  also  benefit  from  a better  determination 
of  S„. 

The  superconducting  coil  composite  was  highly  aniso- 
tropic, with  elastic  anisotropies  similar  to  those  of 
zinc.  This  high  anisotropy,  characteristic  of  many  com- 
posite materials,  necessitates  careful  measurements  of 
elastic  properties  of  these  materials. 

The  measured  elastic  moduli  of  the  composite  are  not 
as  well  represented  by  the  Varshni  function  as  they  are 
for  most  metals  and  alloys;  I.e. , the  elastic  moduli  of 
the  superconducting  coil  composite  are  less  regularly 
behaved  with  respect  to  temperature. 
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Su~nmary:  Fracture  Mechanics  Parameters  of  Engineering 

Materials  at  Cryogenic  Temperaturer 


This  section  of  the  report  contains  two  manuscripts.  Fracture  mechanics  design  data 
are  presented  for  a nickel  base  superalloy.  Inconel  718,  and  an  aluminum  base  alloy, 

2219-T6.  The  plane  strain  fracture  toughness  parameters  (Kjc  and  Jjc),  tensile,  and  fatigue 
crack  growth  rates  (da/dN)  were  measured  using  state-of-the-art  test  procedures.  The 
results  are  summarized  as  follows: 

(1)  The  tensile,  fatigue,  and  fracture  properties  of  Inconel  718  alloy  are  nearly 
constant  or  slightly  improved  at  decreasing  temperatures  between  295  and  4 K.  The  frac- 
ture toughness  (Kic)  at  4 K is  16%  higher  than  the  room  temperature  value  of  96.3  MPa-mV2. 
This  alloy  is  usefi I for  cryogenic  structural  applications  requiring  an  exceptional  yield 
strength  (1.172  GPa  at  295  K)  and  moderate  fracture  toughness. 

(2)  J-integral  resistance  curves  for  three  specimen  thicknesses  and  valid  (according 
to  ASTM  Method  E 399)  Kje  values  at  76  K are  reported  for  aluminum  alloy  2219.  The 
J-integral  values  were  independent  of  thickness  at  small  crack  extensions,  but  at  substan- 
tial crack  extensions  the  values  for  the  thin  specimens  were  larger  than  those  for  the 
thick  specimens.  The  measured  Jj^.  values  were  less  than  those  calculated  from  the  mea- 
sured Kt  values.  The  reason  for  this  discrepancy  was  that  crack  extension  occurred 
before  the  Kj^.  measurement  point  was  reached. 


LOW  TEMPERATURE  EFFECTS  ON  THE  FRACTURE  BEHAVIOR  OF  INCONEL  718^ 

R.  L.  i abler 
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ABSTRACT 

The  mechanical  properties  of  a solution  treated  and  double  aged 
Inconel  718  forging  were  studied  to  assess  Its  utility  at  temperatures 
) In  the  amblent-to-cryogenlc  range.  Uniaxial  tensile  property  measure- 

ments using  unnotched  specimens  at  decreasing  temperatures  between 
295  and  4 K show  that  yield  and  ultimate  strengths  Increase  by  20% 
and  29%,  respectively,  while  ductility  remains  virtually  constant. 

Fracture  mechanics  tests  using  2.54  cm-thlck  compact  specimens  revealed 
> that  the  fatigue  crack  growth  resistance  of  this  alloy  improves  slightly 

at  extreme  cryogenic  temperatures,  and  Its  plane  strain  fracture 
toughness,  Increases  from  96.3  MPa*m^^^  at  295  K to  112.3  MPa*m^^^ 

at  4 K.  These  results  are  compared  with  similar  data  for  Inconel  750 
alloys. 

I 

Key  words:  Fatigue;  fracture;  low  temperature  tests;  mechanical  properties;  nickel  alloys; 

■ superalloys. 
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INTRODUCTION 


A precipitation  hardenable  nickel  base  aupetalloy  known  as  Inconel  718*  was  first 
developed  for  elevated  temperature  service.  Then,  by  virtue  of  its  austenitic  structure, 
high  strength,  and  weldability,  the  alloy  found  applications  in  the  amb±ent-to-cryogen±c 
temperature  region  as  well.  Current  applications  at  temperatures  as  low  as  20  K include 
liquid  oxygen  and  liquid  hydrogen  pressure  vessels  for  spacecraft.  Emerging  applications 
related  to  superconducting  machinery  (torque  tubes,  damper  shields)  will  nrobably  further 
extend  the  utility  of  Inconel  718  to  temperatures  approaching  absolute  zero. 

A need  for  reliable  mechanical  property  data  accompanies  the  expanded  use  of  this  alloy. 
Conventional  tensile  properties  for  the  temperature  range  295  to  4 K [1-14J  are  insufficient 
to  characterize  the  load-carrying  capability  oi  :.arge  structures  subject  to  fatigue.  As 
demonstrated  by  this  study,  relatively  brittle  fri''tures  may  occur  when  fatigue  cracks  are 
located  Jn  thick  sections  of  Inconel  718,  despite  the  fact  that  this  material  exhibits 
appreciable  ductility  in  the  unnotched  condltl'-n. 

The  existing  fatigue  crack  growth  and  fracture  toughness  data  [12-17]  relate  predomi- 
nantly to  thin  sections  and  non-standard  specimen  geometries,  or  concentrate  only  on  room 
temperature  properties.  Tha  present  study  describes  the  mechanical  behavior  of  Inconel  718 
at  several  temperatures  including  295,  195,  76,  and  4 K.  In  addition  to  conventional  tensile 
property  determinations,  fatigue  crack  growth  resistance  was  evaluated,  and  the  ASTM  standard 
method  of  test  for  plane  strain  fracture  toughness  of  metallic  materials  (ASTM  E-399-74)  [18] 
was  applied  to  generate  valid  data  for  this  alloy. 

MATERIAL 

The  In:onel  718  alloy  was  purchased  in  the  form  of  a forged  7.7  cm  x 7.7  cm  square  bar 
that  had  been  annealed  at  1200  K for  Ih.  As  quoted  from  the  mill  sheet,  the  chemical 
composition  in  weight  percent  is:  53.4  Ni,  18.5  Fe,  ]8.1  Cr,  5.24  Nb  + Ta,  2.95  Mo,  0.90  Ti, 

0.49  Al,  0.17  Co,  0.10  Mn,  0.10  Cu,  0.10  Si,  0.05  C,  0.01  P,  0.003  B,  0.002  S.  All  test 
specimens  were  machined  prior  to  precipitation  hardening,  which  followed  the  standard  heat 
treatment: 

1)  Solution  treatment  (1256  K for  3/4h,  air  cool); 
and  2)  Double  age  (992  K for  8h,  furnace  cool  to  894  K,  hold  lOh,  and  air  cool). 

procedures 

Tensile 

Tensile  tests  were  conducted  at  room^  llcjuld  nitrogen,  and  liquid  helium  temperatures  at 
a crosshead  velocity  of  0.008  per  second.  Reed  [19]  described  the  44.5  kN  screw-driven 
machine,  cryostat,  and  low  temperature  techniques  used  here.  The  tensile  specimens  had  a 
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reduced  section  3.8  cm  long  and  0.51  cm  in  diameter.  The  tensile  axis  was  transverse  to  the 
forging  axis,  such  that  the  fracture  plane  orientation  matched  that  of  the  compact  specimens 
described  below.  The  outputs  of  a commercial  load  cell  and  cllp-on  ttraln  gage  extensometer 
were  recorded  and  analyzed  as  outlined  in  ASTM  Method  E8-72  [20]. 

Fracture 

The  compact  specimens  used  for  fatigue  and  fracture  tests  had  a thickness,  B,  of 
2.54  cm  and  e width,  W,  of  5.08  cm.  These  specimens  were  machined  in  the  TS  orientation  [J5], 
with  their  loading  axis  and  crack  propagation  directions  transverse  to  the  original  forging 
axis.  Other  specimen  features  were  In  accordance  with  the  E-399-74  method,  except  that  a 
modified  notch  was  Incorporated.  As  shown  in  Figure  1,  the  modified  notch  permits  clip  gage 
attachment  at  knife  edges  In  the  loadline. 

Room  temperature  tests  were  conducted  using  a 100  kN  servo-hydraulic  test  machine  and 
cryostat  in  ambient  air.  Low  temperature  environments  were  achieved  by  immersing  the  load 
frame,  specimen,  and  clip  gage  in  alcohol  and  dry  ice  (195  K) , liquid  nitrogen  (76  K)  or 
liquid  helium  (4  K) . The  clip  gage  satisfied  E-399-74  linearity  requirements  at  each  temper- 
ature. A detailed  description  of  the  low  temperature  apparatus  and  techniques  was  given  by 
Fowlkes  and  Tobler  [21]. 

Fracture  toughness  specimens  were  precracked  at  their  K,  test  temperatures  and  loaded 
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to  fracture  at  1 MPa*m  per  second.  Following  the  E-399-74  method,  K,.  was  calculated  from 

Ic 

the  solution  for  compact  specimens; 

•^Ic  “ [f(a/W)]  (1) 


where 


f(a/W)  - 29.6  (a/W)^''^  - 185.5  (a/W)^''^  + 655.7  (a/W)^''^ 


- 1017.0  (a/W)^''^  + 638.9  (a/W)^''^ 


(2) 


In  these  equations,  Is  the  load  defined  by  the  secant  offset  procedure  [18],  and  a is 
the  average  of  three  crack  length  measurements  at  25,  50,  and  75%  of  specimen  thickness. 

Fatigue 

Fatigue  crack  growth  rstes  were  measured  during  the  precracking  of  K,  specimens  where 
the  maximum  stress  Intensity  factor  never  exceeded  0.6  Additional  specimens  were  tested 

to  obtain  growth  rates  at  higher  stress  intensities.  Although  most  specimens  were  2.54 
cm  thick  (W/B  » 2),  four  tests  of  a 0.508  cm  thickness  (W/B  = 10)  were  also  Included.  The 
fatigue  operations  were  conducted  using  controlled  load,  a sinusoidal  load  cycle,  and  a cycle 
frequency  of  20  Hz;  the  ratio,  R,  of  minimum/maximum  load  was  0.1. 

Crack  growth  was  monitored  indirectly  by  compliance  measurements,  as  previously 
described  [21].  Briefly,  a correlatljn  between  crack  length  and  specimen  deflection  per  unit 
load  (6/P)  was  determined  by  measurements  on  fractured  specimens.  The  fatigue  tests  were 
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interrupted  peribdlcally  to  record  6/P,  from  which  crack  lengths  could  be  Inferred  and  plotted 
as  a function  of  fatigue  cycles,  N.  A computer  program  was  used  to  fit  the  a-versus-N  curves 
with  a third  order  polynomial,  to  differentiate  the  curves  to  obtain  da/dN  values,  and  to 
calculate  the  associated  stress  intensity  factor  ranges,  AK,  from  the  peak  fatigue  loads: 

AK  = (P  -P  , ) [f(a/W)]  (3) 

max  min  i v < /j  v / 

RESULTS 

Tensile 

Table  1 lists  the  yield  and  ultimate  strengths,  elongation,  and  reduction  in  area  mea- 
surements for  Inconel  718  at  295,  76,  and  4 K.  These  data  are  plotted  in  Figures  2-4,  along 
with  data  for  other  Inconel  718  forgings  in  the  1256  K solution  treated  and  double  aged 
condition.  The  temperature  dependences  of  these  tensile  parameters  Illustrate  what  are 
considered  to  be  classical  trends  for  face  centered  cubic  metals  and  alloys  [22-24]: 
ductility  remains  nearly  constant,  there  is  a moderate  Increase  of  yield  strength,  and  a 
larger  increase  of  ultimate  strength.  The  yield  strength  of  the  present  alloy  ranges  from 
1.172  to  1.408  GPa  over  the  temperature  Interval  investigated,  showing  good  agreement  with 
other  results  [9-13]. 

On  the  other  hand,  the  heat-to-heat  variations  of  ductility  appear  to  be  sizable.  With 
reference  to  Figure  4,  reduction  in  area  measurements  at  room  temperature  range  from  14  to 
30%,  but  the  values  for  our  alloy  are  intermediate  at  19%. 

Handbooks  [1-3]  contain  other  low  temperature  tensile  data  for  thin  sheet  and  other 
Inconel  718  stock  having  thernal  or  mechanical  treatments  differing  from  the  1256  K 
solutloning  and  double  aging  treatment  studied  here.  The  comparisons  above  are  sufficient  to 
demonstrate  that  the  present  is  representative  of  commercially  available  forgings. 

Fracture 

The  load-de'^lectlon  bi  'vlor  and  fracture  surface  of  a compact  specimen  tested  at  4 K 
are  shown  in  Figure  5.  "Type  J'  test  records  [18]  with  slight  nonlinearity  prior  to  maximum 
load  were  observed  at  each  temperature.  The  fracture  surfaces  displayed  no  shear  portions 
but  were  flat  and  granular  in  appearance,  and  uninfluenced  by  test  temperature. 

The  calculations  are  itemized  in  Table  2.  The  2.54  cm-thick  specimens  tested  here 
amply  satisfy  the  E-399-74  criterion  for  thickness,  B ^ 2.5  | ^IcV , which  requires  a minimum 
thickness  of  1.9  cm  for  this  alloy  at  room  temperature.  Other^lnformation  pertinent  to 
assessing  the  validity  of  measurements  are  Included  in  Table  2.  In  three  tests,  a/W 
exceeded  the  0.45  to  0.55  range.  However,  these  three  deviations  are  minor,  and  any  effects 
on  results  are  considered  negligible  compared  to  the  degree  of  scurter  among  specimens. 

The  rverage  value  at  each  temperature  is  plotted  in  Figure  6.  The  data  are  mildly 
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temperature  dependent,  showing  a 16%  Increase  from  96.3  to  112.3  MPa*m  ' as  temperature  is 
lowered  from  295  to  4 K.  Logsdon,  et  al.  [12]  reported  a 14%  increase  for  compact  specimens 
of  an  Inconel  718  alloy  tested  at  295  and  4 K.  Note  that  their  values  are  lower  (70  to 
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80  MPa*m  ) compared  to  the  present  results;  They  also  reported  lower  tensile  ductility,  as 
shown  In  Figures  3 and  4.  Note  also  that  the  temperature  dependence  of  fracture  toughness 
for  Inconel  718  Is  opposite  to  that  lor  Inconel  750  alloys:  as  temperature  1b  lowered, 

Inconel  750  shows  moderate  decreases  In  amounting  to  8%  between  295  and  76  K [26],  and 
11%  between  295  and  4 K [25]. 

The  literature  [13-16]  contains  other  fracture  toughness  data  for  Inconel  718  which  were 
not  obtained  by  the  E-399-74  method.  Those  measurements  were  derived  from  tests  of  center- 
notched,  single-edge-notched,  or  surface-flawed  specimens.  To  their  advantage,  surface-flawed 
cpeclmens  simulate  a flaw  type  that  commonly  occurs  In  pressure  vessels,  but  the  fracture 
toughness  results  are  directly  applicable  only  when  the  service  conditions  match  the  specifics 
of  specimen  flaw  shape  and  thickness.  Hall's  experimental  results  Indicate  that  surface 
flawed  specimens  produce  high  apparent  fracture  toughness  values  as  compared  with  the  true 
values  from  standard  compact  or  bend  specimens  [27].  Further  difficulty  arises  from  the  fact 
that  the  Inconel  718  specimens  tested  by  Wltzell  [13],  Pettit,  Feddersen,  and  Mlndln  [14]  and 
Taylor  [16],  are  too  thin  (1.6  to  3.5  mm)  to  avoid  size  effects  according  to  the  E-399-74 
criterion.  For  these  reasons,  such  data  are  of  limited  value  to  designers.  On  the  other  hand, 
the  data  of  Figure  6 are  Independent  of  specimen  geometry  and  represent  true  material 
constants  which  are  generally  applicable  In  design. 


Fatigue  Crack  Growth  Rates 

As  demonstrated  by  Paris  and  Erdogan  [28],  fatigue  crack  growth  rates  can  usually  be 
described  as  power-law  functions  of  the  stress  Intensity  factor  range,  AK: 

ft  = C(AK)"  (4) 

where  C and  n are  material  constants  that  depend  on  environment  and  test  variables. 
Logarithmic  plots  of  da /-’’^-versus-AK  measurements  that  are  In  agreement  with  Eq.  (4)  reveal 
linear  trends  frc.u  which  n and  C can  be  determined  as  the  slope  and  ordinate  Intercept  at 
AK  = 1,  respectively. 

The  fatigue  crack  growth  rates  of  Inconel  718  at  295,  195,  76,  and  4 K are  plotted  on 

logarithmic  coordinates  In  Figure  7.  The  data  define  a scatterband  approximately  7 to  12 
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MPa'm  wide.  At  equivalent  AK  values,  the  rates  at  cryogenic  temperatures  are  slightly 
lower  than  at  room  temperature.  However,  the  Improvement  In  fatigue  crack  propagation 
resistance  Is  modest,  and  barely  distinguishable  beyond  the  scatter  of  replicate  tests  unless 
the  temperature  differential  exceeds  150  to  200  kelvlns. 

Linear  segments  representing  two  Paris  equations  were  chosen  to  approximate  the  upper 
(295  K)  and  lower  (4  K)  extremes  of  data  In  Figure  7.  Thus,  at  295  K: 

^ = 8 X 10~^^  (AK)^  (5) 


"'i  1 « 


and  at  4 K: 


da 

dN 


(6) 


= 4.8  X 10"^^  (AK)^ 
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where  AK  is  In  MPa*m  and  da/dN  is  In  mm/ cycle.  The  exponent,  n “ 4,  which  some  theories 
predict  [29],  provides  a good  approximation  for  these  experimental  results. 

Figures  8 and  9 compare  the  fatigue  crack  propagation  resistance  of  Inconel  718  with  the 
available  results  for  other  nickel  base  alloys  and  stainless  steels  which  could  be  considered 
material  competitors  for  various  applications.  Note  that  the  room  temperature  crack  growth 
rates  reported  by  Shahlnlan,  Watson,  and  Smith  [17]  are  in  close  agreement  with  the  present 
data  for  Inconel  718.  As  shown  In  Figures  8 and  9,  the  fatigue  crack  propagation  resistance 
of  Inconel  718  Is  intermediate  compared  with  other  austenitic  alloys. 

DISCUSSION 

The  low  temperature  tensile  properties  of  this  Inconel  718  alloy  were  equivalent  or 
superior  to  Its  properties  at  room  temperature.  Other  studies  of  Inconel  718  alloys  have 
shown  that,  as  the  temperature  decreases  to  4 K,  Young's  modulus  Increases  by  6%  [31],  fatigue 
strength  at  10^  cycles  Increases  by  approximately  75%  [8],  and  Charpy  Impact  values  show 
little  change  [11].  Since  none  of  these  parameters  are  deleterlously  affected,  the  reliability 
of  Inconel  718  structures  will  not  be  decreased  at  extreme  cryogenic  temperatures. 

The  attractive  feature  of  a high  yield  strength  which  Increases  at  cryogenic  temperatures 
without  sacrifice  of  tensile  ductility  justifies  Inconel  718 's  selection  for  numerous 
applications.  Nevertheless,  this  alloy  Is  susceptible  to  brittle  fracture  In  thick  sections 
containing  flaws.  The  fracture  toughness  at  ambient  and  cryogenic  temperatures  Is  useful  but 
moderate;  therefore,  accurate  fracture  mechanics  evaluations  seem  necessary  to  assure 
structural  safety  and  efficient  design. 

In  the  fracture  mechanics  approach,  K Is  proportional  to  the  magnitude  of  elastic 
stresses  at  the  crack  tip.  Upon  reaching  a critical  value,  the  material  fractures 

catastrophically,  without  significant  plastic  deformation.  Using  handbook  [32]  equations  for 
various  component  geometries  of  known  dimensions  and  loadings,  the  maximum  flaw  size  that  a 
structure  will  tolerate  can  be  calculated  based  on  the  material's  value.  Fatigue  crack 
growth  rates  enable  a prediction  of  the  total  number  of  load  cycles  required  to  propagate 
an  initial  crack  to  critical  proportions.  Thus,  the  da/dN  and  data  of  this  report  can 
be  used  to  assess  the  safe  operating  lifetimes  of  Inconel  718  structures. 

The  significant  finding  that  Inconel  718's  da/dN  and  parameters  are  nearly  invariant 
at  temperatures  below  295  K should  facilitate  fracture  mechanics  analyses.  For  example,  the 
performance  of  a component  of  this  material  at  cryogenic  temperatures  could  be  conservatively 
predicted  using  room  temperature  data  obtained  from  quality  control  tests  of  production 
material.  Similarly,  for  convenience  and  economy,  cryogenic  structures  might  be  proof-tested 
at  room  temperat-re. 

An  Important  question  regarding  alloy  selection  Is  whether  Inconel  718  might  supersede 
Inconel  750  as  a construction  material  for  some  applications  In  superconducting  generators. 
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Inconel  750  and  718  alloys  possess  a high  resistance  to  fatigue  crack  propagation  which  seems 

to  be  a characteristic  of  austenitic  alloys  In  general  [30],  Figures  8-9  compared  the  fatigue 

crack  growth  rates  of  Inconel  750  and  718  with  those  reported  for  several  austenitic  stainless 

steels.  Dismissing  minor  differences  In  the  rates  for  Inconel  750  and  718,  attention  centers 

on  yield  strength  and  fracture  toughness  comparisons.  At  4 K,  the  yield  strengths  of  solution 

treated  and  double  aged  Inconel  750  alloys  range  from  0.736  to  1,194  GPa,  depending  on 

manufacturing  process  and  heat  treatment  variations  [25];  K values  for  the  same  heats  range 
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from  102  to  239  MPa*m  . Based  on  the  present  study,  Inconel  718  offers  a higher  yield 
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strength,  1.408  GPa,  but  its  value  of  112  MPa*m  Is  on  the  low  side  of  the  range  for 
Inconel  750  alloys.  This  trade-off  between  yield  strength  and  fracture  toughness  will 
determine  alloy  selection  relative  to  the  specific  requirements  of  each  application. 

CONCLUSIONS 

Uniaxial  tensile  properties  and  fracture  mechanics  data  were  obtained  for  a precipitation 
hardened  Inconel  718  forging  at  temperatures  In  the  amblent-to-cryogenlc  range.  The  temper- 
ature dependences  of  the  mechanical  properties  of  this  alloy  may  be  considered  typical, 
qualitatively,  of  austenitic  alloys  In  general.  At  4 K,  the  yield  strength  of  this  Inconel 

718  alloy  was  20%  greater  than  the  room  temperature  value  of  1.172  GPa,  The  values 

1/2 

showed  that  fracture  toughness  varies  from  96.3  to  112.3  MPa’m  between  295  and  4 K,  whereas 
tensile  ductility  and  fatigue  crack  growth  resistance  remain  nearly  constant.  Based  on  these 
data  trends,  the  load-carrying  capability  of  flawed  or  unflawed  Inconel  718  structures  is  not 
expected  to  decrease  at  cryogenic  temperatures. 
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Table  1.  Tensile  property  results  for  Inconel  718. 


Temperature 

0.2% 

Yield  Strength 

Ultimate  Strength 

Elongation 

Reduction  In  Area 

K 

GPa 

(ksl) 

GPa  (ksl) 

% 

% 

295 

1.165 

1.391 

16.1 

19.5 

— 

1.396 

14.3 

18.4 

1.178 

1.425 

15.8 

16.8 

Avg 

1.172 

(170.0) 

1.404  (203.6) 

15.4 

18.2 

76 

1.326 

1.649 

20.2 

20.6 

1.359 

1,649 

20.9 

18.9 

Avg 

1.342 

(197.4) 

1.649  (239.2) 

20,6 

19.8 

4 

1.371 

1.802 

21.7 

24.0 

1.445 

1.830 

19.5 

16.3 

1.408 

(204.2) 

1.816  (263.4) 

20.6 

20.2 
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Figure  1.  Compact  specimen  used  for  fatigue  and  fracture  tests 
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Figure  2.  Yield  and  ultimate  tensile  strengths  of  Inconel  718  forgings  in 
the  solution  treated  (1225  to  1256  K)  and  double  aged  condition 


Tensile  elongation  of  Inconel  718  forgings  in  the  solution 
treated  and  double  aged  condition. 
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Figure  4.  Reduction  in  area  of  Inconel  718  forgings  in  the 
solution  treated  and  double  aged  condition. 
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Figure  8.  Comparison  of  fatigue  crack  propagation  rates 
of  Inconel  alloys  718  and  750, 
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Figure  9.  Ccmparieon  of  fatigue  crack  propagation  rates  of  Inconel 
718,  Inconel  750,  and  austenitic  stainless  steels  at  A K. 
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EFFECTS  OF  SPECIMEN  THICKNESS  ON  FRACTURE 


TOUGHNESS  OF  SOME  ALUMINUM  ALLOYS 

J-integral  resistance  curves  for  three  specimen  thicknesses  and  valid 

(according  to  ASTM  Method  E 399)  values  at  76  K are  reported  for  aluminum 

alloy  2219.  The  J-integral  values  were  independent  of  thickness  at  small 

crack  extensions,  but  at  substantial  crack  extensions  the  values  for  the 

thin  specimens  were  larger  than  those  for  the  thick  specimens.  The  measured 

J,  values  were  less  than  those  calculated  from  the  measured  K,  values.  The 
Ic  ic 

reason  for  this  discrepancy  was  that  crack  extension  occurred  before  the 
measurement  point  was  reached. 


Key  words:  Aluminum  alloys;  critical  stress  intensity,  cryogenic 

temperature;  fracture  toughness;  J-integral;  sub-critical  crack 
extension. 


1.  Inlroduction 


The  generally  accepted  measure  of  the  fracture  toughness  of  a metal 
is  the  plane  strain  fracture  toughness,  Kj^.,  as  measured  by  ASTM  Method 
E 399-74  (Ref.  1).  However,  the  specimen  size  required  for  a valid 
measurement  of  may  be  sc  great  that  tests  to  obtain  may  be  too 
difficult  or  too  expensive  to  perform  (Ref.  2).  An  alternative  method 
of  measuring  plane  strain  fracture  toughness  known  as  the  J-integral 
method  (Refs.  3,  4)  is  being  widely  considered  because  of  its  less  strin- 
gent requirements  on  specimen  size.  The  results  described  in  this 
report  are  of  use  in  evaluating  the  J-integral  method  of  fracture  tough- 
ness testing. 

The  parameter  characteristic  of  fracture  toughness  which  is  mea- 
sured in  a J-integral  test  is  Jj^,  the  value  of  the  J-integral  at  the 
onset  of  crack  extension.  In  the  linear  elastic  case,  Kj^  and  Jj^  are 
related  as  (Ref.  3) : 


0,^  = ^ (1  - V^)  (1) 

E 

where  E is  Young's  modulus  and  v is  Poisson's  ratio  of  the  material. 

The  J-integral  test  can  be  traced  back  to  the  Griffith  criterion 
(Refs.  5,  6)  for  crack  extension  and  to  the  analytical  work  of  Eshelby 
(Ref.  7).  However,  Rice  (Ref.  8)  and  Begley  and  Landes  (Refs.  3,  4) 
have  been  mainly  responsible  for  the  formulation  of  the  current  con- 
cept of  the  J-integral  and  its  uses  in  fracture  toughness  testing. 
Landes  and  Begley  (Ref.  4)  have  recently  proposed  a standard  test 
method  for  determining  J^^. 
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T'  "t: 


There  are  two  major  obstacles  to  the  successful  implementation  of 
the  J-integral  test  method.  The  proposed  test  method  is  an  attempt  to 
resolve  the  first  of  these,  namely,  the  choice  of  a measurement  point. 

The  basic  procedure  in  a J-integral  test  is  to  determine  experimentally 
a resistance  curve  consisting  of  a set  of  measured  J-integral  versus 
crack  extension  (J  versus  Aa)  data  points,  and  then  to  determine  J^^  from 
this  curve  according  to  a rule  which  specifies  the  measurement  point.  In 
the  proposed  J-integral  test  method,  the  measurement  point  is  chosen  at  a 
knee  in  the  J-Aa  curve,  and  thus  the  shape  of  this  curve  is  critical  to 
the  measurement.  It  is  asserted  that  if  Jj^.  is  chosen  properly,  Eq.(l) 
holds,  and  a measurement  of  Jj^.  is  equivalent  to  a measurement  of 
The  second  major  problem  with  the  J-integral  method  is  that  the  validity 
of  Eq.(l)  for  useful  structural  materials  has  not  been  demonstrated  theo- 
retically (Ref.  9).  The  attempted  extension  of  the  equivalence  of  Jj^  and 

K,  from  the  linear  elastic  to  the  elastic  plastic  case,  has  been  supported 
Ic 

by  appeal  to  experimental  results.  There  is  evidence  that  for  some  mate- 
rials Jj^  and  are  equivalent  (Ref.  4).  However,  J^^  and  'ic  have 
been  found  not  to  be  related  by  Eq.  (1)  in  some  other  materials  (Ref.  10). 

The  objectives  of  the  present  study  were  to  determine  experimentally: 

(1)  Jj^  as  a function  of  specimen  thickness  for  an  aluminum  alloy, 

(2)  the  relationship  between  Jj^,  and  when  is  determined 
according  to  ASTM  Method  E 399; 

(3)  the  effect  of  specimen  thickness  on  the  shape  of  the  J-Aa  curve. 
Information  of  this  kind  is  quite  scarce,  and  is  necessary  before  the 
J-integral  method  can  be  standardized  as  a reliable  test  method. 


2.  Materials 


Two  aluminum  alloys,  2014-T652  and  2219-T87,  were  used  as  speci- 
men materials.  The  chemical  compositions  of  these  alloys  are  given  in 
Table  1.  The  2014-T652  designation  indicates  that  this  material  has  been 
heat-treated,  artificially  aged,  and  stress  relieved  by  compressing.  The 
2219-T87  designation  indicates  that  this  material  has  been  solution  heat- 
treated,  cold-worked,  and  then  artificially  aged.  After  polishing  and 
etching,  the  grains  in  both  alloys  were  seen  to  be  severely  elongated. 

A section  cut  perpendicular  to  the  rolling  direction  shows  some  grains  about 
.02  cm  (.008  inch)  1 i diameter  and  some  larger  grains  of  various  sizes 
in  the  2014  alloy,  while  the  same  treatment  reveals  grains  about  .03  cm 
(.012  inch)  in  diameter  in  the  2219  alloy.  On  sections  cut  parallel  to 
the  rolling  direction,  only  grain  boundaries  approximately  parallel  to 
the  rolling  direction,  spaced  .02  cm  were  seen  in  the  2014  alloy.  The 
2014-T652  and  2219-T87  alloys  had  Rockwell  hardness  of  B 80.6  and  B 81.1, 
respectively. 

The  yield  strength  Oy,  ultimate  tensile  strength  Young's 

modulus  E,  Poisson's  ratio  v,  and  plane  strain  fracture  toughness  Kj^  values 
obtained  for  the  two  alloys  tested  are  listed  in  Tables  2 and  3 (Ref.  11). 
For  measurements  of  and  J,  the  20l4  alloy  specimens  were  machined  in 
the  L-T  orientation,  and  the  2219  specimens  were  machined  in  the  T-L  orien- 
tation. For  comparison,  handbook  (Ref.  12)  values  of  are  also  shown. 

The  unusually  high  of  the  2014  alloy  specimens  is  probably  due  to 
nonuniformities  in  the  specimen  material  produced  during  forging.  Metal- 
lographic  evidence  for  such  nonuniformities  is  discussed  below.  Originally, 
the  2014  alloy  was  chosen  for  its  availability  and  the  convenience  of 
machining  and  testing  the  specimens.  The  2014  alloy  specimens  were  cut 
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frcin  a 7.6  cm  (3  inch)  thick  forged  plate. 

The  J-Aa  data  foi  the  2014  alloy  summarized  in  Table  4 exhibited  an 
uneven  dependence  of  J upon  Aa.  This  scatter  was  attributed  to  varia- 
tion of  properties  among  the  specimens.  The  specimens  used  in  the  tests 
were  examined  metal lographically.  On  sections  cut  perpendicular  to  the 
rolling  direction,  some  relatively  large  grains  several  millimeters  in 
diameter  were  observed  along  with  the  small  grains  .02  cm  in  diameter. 

The  fraction  of  the  surface  which  was  made  up  of  small  grains  was  recorded 
in  Table  4 for  the  2014  alloy  specimens.  Both  the  raw  J-Aa  data  and  the 
data  classified  by  grain  size  for  the  2014  alloy  exhibited  so  much  scat- 
ter that  they  were  useless  for  the  purposes  of  the  present  study.  For 
this  reason,  a plate  3.8  cm  (1.5  inch)  thick  of  aluminum  alloy  2219-T87 
was  obtained  and  tested.  The  remainder  of  this  report  is  concerned  with 
the  results  of  measurements  made  on  the  2219  alloy. 

3.  Procedures 

The  specimen  geometry  used  was  a modified  compact  specimen,  as 
shown  in  Fig.  1.  The  normal  dimensions  of  all  the  specimens  tested  are 
listed  in  Table  5.  Tests  were  conducted  in  an  electrohydraulic  testing 
apparatus  equipped  with  a stand-off  and  dewar  for  cryogenic  service  which 
has  been  described  previously  (Ref.  13).  The  specimens  were  mounted  in 
the  loading  fixtures  and  cooled  to  76  K by  immersion  in  liquid  nitrogen. 
Each  specimen  was  prccracked  by  loading  in  tension-tension  fatigue  at 
20  Hz  at  a load  which  m most  cases  was  60%  or  less  of  the  quasistatic 
load  used  in  the  J test.  The  precracking  was  continued  to  a nominal  crack 
length  of  a/W  = .60.  Typically  the  precrack  reached  the  desired  length 
of  about  .5  cm  (.2  inch)  after  approximately  60,000  fatigue  cycles. 

After  precracking,  each  specimen  was  loaded  quasistatical ly  to  a stress 
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equal  to  or  less  than  the  maximum  load  used  in  the  precracking  procedure, 
and  the  load-displacement  line  was  recorded.  This  line  was  extended  to 
high  loads,  and  a secant  line  deviating  from  this  anticipated  load  line 
by  a preselected  amount  was  also  dravn.  After  these  preliminary  steps, 
the  quasistatic  crack  extension  was  accomplished  by  leading  the  specimen 
until  the  actual  load-displacement  curve  intersected  the  pre-drawn 
secant  line,  and  immediately  'mloadcd.  Then  the  specimen  was  refatigued, 
beginning  with  a load  of  about  half  the  maximum  load  reached  during  the 
measurement  of  the  load-displacement  curve.  After  the  refatigue  crack 
had  grown  to  several  millimeters  in  length,  the  specimen  was  pulled  apart 
so  that  the  fracture  surfaces  were  accessible  for  examination.  The  crack 
growth  produced  during  the  static  load  cycle  was  visible  as  a dark,  rough 
band  between  the  two  bright,  relatively  smooth,  fatigue  surfaces. 

Each  value  of  the  J-integral  was  computed  from  the  load-displacement 
record  obtained  during  the  static  load  cycle,  using  the  procedure  recom- 
mended by  Merkle  and  Corten  (Ref  14).  This  procedure  results  in  a value 
of  the  J-integral  of 

j = iA,  (2) 

Bb 

where  A is  the  area  under  the  load  displacement  curve,  B is  the  specimen 
thickness,  b is  the  specimen  ligament  remaining  after  precracking,  and 
X is  a function  of  the  crack  length  and  the  nonlinearity  of  the  load- 
displacement  record.  The  value  of  X was  approximately  2.4  in  all  the  tests 
performed  in  this  study. 

In  the  proposed  standard  method  for  determining  J^^  (Ref.  4)  the 
crack  extension  Aa  is  defined  to  include  both  the  stretch  zone  and  the 
zone  of  material  separation,  if  any.  If  the  crack  extension  consists 
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only  of  a stretch  zone,  the  J-Aa  graph  is  expected  to  fall  along  the 
line  given  by 


^ ^ °f1ow 

where  is  the  arithmetic  mean  of  the  yield  strength  and  the  ulti- 

mate tensile  strength.  is  defined  as  the  value  of  J at  the  inter- 
section of  the  line  given  by  Eq.(3)  with  the  back-extrapolation  of  the 
J-Aa  curve  from  the  region  where  material  separation  does  take  place. 
According  to  the  proposed  method,  the  back-extrapolated  J-A  curve  is 
expected  to  have  a slope  different  from  that  of  the  line  given  by  Eq.(3), 
so  that  the  measured  J-Aa  curve  ought  to  have  a relatively  sharp  knee 
in  it. 

Because  of  the  relatively  high  value  of  the  yield  and  ultimate 
§ tensile  stresses  of  the  2219-T87  alloy,  J^^  as  defined  by  this  proposed 

standard  occurs  at  a crack  extension  of  less  than  .002  cm.  Due  to  the 
I difficulty  of  measuring  extremely  small  values  of  crack  extensions,  and 

[ ^ the  apparent  unreliability  of  extrapolating  to  zero  crack  extension,  the 

initiation  of  crack  extension  was  taken  as  the  point  of  .005  cm  crack 
extension  for  purposes  of  the  present  study.  This  point  was  determined 
by  interpolation  or  extrapolation  on  graphs  of  J-Aa.  The  Jj^  values 
obtained  in  this  way  were  higher  than  those  which  could  have  been  obtained 
by  extrapolation  according  to  the  proposed  standard,  but  they  were 
less  uncertain. 

4.  Results  and  Discussion 

The  1-Aa  data  for  aluminum  alloy  2219  are  listed  in  Table  6 and 
plotted  in  Fig.  2,  The  Jj^  values  obtained  from  the  J-Aa  curves  are 

p 

listed  in  Table  7,  The  values  of  Jj^  range  from  9.5  to  10.3  kJ  • m" 
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over  a tenfold  variation  in  specimen  thickness.  Thus,  is  i?»d?ed  a 
thickness-independent  measure  of  the  fracture  resistance  of  th'  n^at^rial  . 

Using  the  measured  value  of  and  Eq.  (1),  one  would  expect  a 
of  13.6  kJ  • m'^,  38%  largc*^  than  the  values  actually  found.  Thus,  for 
aluminum  alloy  2219,  and  are  not  related  by  Eq.  (1).  This  finding 

was  attributed  to  the  difference  in  the  measurement  point  for  the  two  test 
methods;  subsequent  experimental  measurements  showed  this  to  be  the  correct 
explanation  for  the  observed  discrepancy.  The  measurement  point  for  deter- 
mining was  chosen  as  the  initiation  of  crack  extension,  whereas  the 
measurement  point  for  determin‘'ng  was  chosen  as  set  forth  in  ASTM 
Method  E 399,  that  is,  at  2%  apparent  crack  extension.  The  apparent  crack 
extension  includes  the  plastic  zone,  but  the  possibility  exists  that 
significant  actual  crack  extension  may  occur  before  the  Klf.  measurement 
point  is  reached.  If  this  is  the  case,  the  values  of  obtained  may  be 
characteristic  of  a somewhat  extended  crack,  and  not  of  crack  initiation. 
This  possibility  is  widely  suspected  (Ref.  15)  as  a cause  of  discrepancy 
between  observed  values  of  and  as  related  by  Eq.  (1),  and  was  used 
by  Logsdon  (Ref.  10)  to  explain  some  of  his  data.  But  it  appears  that 
this  explanation  has  never  been  tested  experimentally. 

To  determine  the  extent  of  crack  extension  in  a valid  test, 
three  3.8  cm  (1.5  inch)  thick  compact  tensile  specimens,  more  than  twice 
as  thick  as  necessary  to  obtain  valid  data,  were  tested  according  to 
the  J-procedure  described  in  Section  3.  In  two  tests,  the  specimen  was 
unloaded  prior  to  the  intersection  of  the  load  line  with  the  5%  offset 
secant,  and  in  the  other  test  the  specimen  was  unloaded  just  after  this 
intersection.  The  records  of  these  tests  were  analyzed  as  follows.  A 


line  was  drawn  through  the  origin  of  the  test  record  and  the  point  on  the 
record  at  which  unloading  was  begun.  The  percent  difference  between  the 
slope  of  this  secant  line  and  the  tangent  to  the  initial  linear  portion 
of  the  load  record,  referred  to  as  the  percent  secant  deviation,  was 
recorded.  This  procedure  allowed  a correlation  of  secant  deviation  with 
crack  extension  to  be  made.  The  data  are  listed  in  Table  8 and  plotted 
in  Fig.  3.  These  data  clearly  show  that  the  critical  point  in  the 
test  of  2219  aluminum  alloy,  that  is,  the  point  of  5%  secant  deviation, 
occurs  at  a crack  extension  of  about  .064  cm  (.025  inch)  in  specimens 
which  satisfy  the  thickness  requirements  by  a wide  margin.  As  a double 
check,  a similar  plot  for  the  1.42  cm  (.56  inch)  thick  specimens,  which 
are  almost  exactly  in  the  minimum  thickness  required  in  a test,  shows 
the  same  characteristic;  i.e.,  crack  extension  of  about  .064  cm  (.025 
inch)  before  the  5%  secant  offset  is  reached.  If  the  evaluation 
point  were  chosen  not  at  crack  initiation  but  at  .064  cm  (.025  inch)  crack 
extension  in  these  specimens,  good  agreement  could  be  found  between 
Kt  and  Jt  . Thus,  the  discrepancy  between  the  measured  values  of  K, 
and  related  by  Eq.  (1)  is  explained.  However,  because  of  the  observed 
dependence  of  the  J integral  value  at  significant  crack  extensions  on 
specimen  thickness,  the  critical  state  for  measurement  cannot  be  chosen 
as  a point  of  significant  crack  extension  sich  as  .064  cm  (.025  inch) 
because  this  would  defeat  the  purpose  of  J-integral  testing,  which  is  to 
obtain  a parameter  characteristic  of  the  material  tested  independent  of 
specimen  thickness.  Thus,  in  this  alloy  it  is  impossible  to  obtain  agree- 
ment between  Kj^,  and  in  Eq.(l)  that  is  independent  of  thickness. 

An  obvious  feature  of  the  J-resistance  curves  of  Fiq.  2 is  that  the 
curves  for  the  three  different  material  thicknesses  separate  for 


the  larger  values  of  crack  extension  but  converge  near  zero  crack  exten- 
sion. It  can  be  seen  for  this  material  that  the  effect  of  increasing 
specimen  thickness  is  to  decrease  the  J values  at  sizable  values  of  Aa 
while  leaving  them  unchanged,  within  experimental  uncertainties,  near 
zero  crack  extension.  A similar  divergence  in  thickness  was  observed 
by  Griffis  and  Yoder  (Ref.  16)  for  2024-T351  aluminum  tested  at  room 
temperature  using  a three-point-bend  specimen  and  thus  may  be  a normal 
feature  of  J-integral  behavior  of  many  aluminum  alloys.  Thickness 
effects  are  discussed  further  in  the  Appendix  below. 

S.  Conclusions 

The  following  conclu«^ions  have  been  drawn  from  the  present  study: 

(1)  In  specimens  cut  from  a plate  of  2219  aluminum  alloy,  crack 
extension  was  initiated  at  a constant  value  of  the  J-integral  over  a 
ten-fold  range  of  specimen  thickness,  extending  from  well  above  to  well 
below  the  minimum  specimen  thickness  given  in  ASTM  Method  E 399  for  valid 
measurement.  This  result  supports  the  hypothesis  that  Jlc  is  a 
useable  measure  of  material  toughness. 

f2l  J and  K,  (K,  determined  according  to  ASTM  Method  E 399)  are 
not  equivalent  measurements  of  fracture  toughness  for  2219  aluminum  because 
of  subcritical  crack  growth  in  tests;  the  J^^  value  anticipated  from 
measurements  of  Kj^  was  38%  larger  than  the  measured  Jj^,  value. 

(3)  As  crack  extension  increased,  the  J-integral  value  was  signi- 
ficantly larger  for  thin  specimens  than  for  thick  ones. 

Appendix.  Observations  on  Plane  Stress  Toughening 

The  specimen  thickness  B may  be  expressed  in  dimensionless  form: 
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The  parameter  y can  be  used  as  an  index  of  the  operative  fracture  mode. 
The  possible  modes  are  plane  strain,  mixed,  and  plane  stress.  According 
to  Eq.(AI)  and  the  measured  values  of  the  parameters  and  a^,  the  sam- 
ples used  in  the  present  study  fall  at  y = .72,  1.34,  2.68,  and  7.19. 
Values  of  y equal  to  or  greater  than  2.5  correspond  to  the  criteria  of 
ASTM  Method  E-399  for  plane  strain  testing.  Thus,  for  values  of  y below 
2.5,  we  may  expect  plane  stress  toughening  effects,  whereas  for  y above 
2.5  plane  strain  should  dominate.  A strong  increase  in  apparent  sample 
toughness  is  to  be  expected  as  the  thickness  is  decreased  (Ref.  17). 

An  experimental  search  for  such  a dependence  of  apparent  toughness 
on  specimen  thickness  nray  be  made  by  observing  the  maximum  stress  inten- 
sity sustained  by  the  samples  as  a function  of  thickness.  Such  stress 
intensities  may  be  calculated  using  the  maximum  load  sustained  by  the 
sample  and  the  crack  length  present  at  the  initiation  of  loading.  Values 
of  the  maximum  stress  intensity  measured  in  this  manner  are  denoted 
may  be  corrected  for  the  plastic  zone  size  as  follows.  First,  the 
plastic  zone  radius  is  calculated  from  the  uncorrected  stress  intensity 
according  to  (Ref.  IB): 


1 Sc  2 

r = — 

^y  2-ir  Sy  ' 


Then  the  effective  crack  length  a^^^  = a + r^is  used  to  find  the  first 
corrected  stress  intensity  factor  according  to: 


^here  f(^r)  ' 

sity  is  used  to  calculate  a new  value  of  r^,  which  is  then  used  to  calcu- 
late a new  stress  intensity,  and  the  iteration  continues  in  this  manner. 

If  this  process  converges,  the  final  value  of  ry  is  not  too  large  and  the 
plastic  zone  correction  has  been  made  successfully.  An  asterisk  indicates 
a stress  intensity  value  which  includes  the  plastic  zone  correction.  For 
instance,  is  the  stress  intensity  at  maximum  load  corrected  for  the 

plastic  zone. 

Measured  values  of  and  are  listed  in  Table  A-1  and  plotted 
versus  thickness  in  Fig.  A-1.  The  classic  decrease  of  this  measure  of 
material  toughness  with  increasing  specimen  thickness  is  emphasized  by 
the  plastic  zone  correction.  The  curve  shown  in  this  figure  is  given  by 

K = K a/m 
M*  lev 

where  Y was  defined  in  Eq.(Al).  This  equation  was  used  by  Irwin  et  al . 
(Ref.  19)  to  curve-fit  some  fracture  toughness  data  on  aluminum.  The 
qualitative  agreement  between  this  curve  and  the  measured  values  of 
indicates  that  the  anticipated  strong  increase  in  apparent  sample  tough- 
ness with  decreasing  thickness  was  indeed  found  in  the  present  study. 

The  increase  of  K^*  indicates  that  plane  stress  toughening  occurs  as  the 
specimen  thickness  decreases.  From  these  data,  we  may  conclude  that  the 
border  between  plane  strain  and  mixed  modes  occurs  at  about  y = 2.5;  thus, 
the  requirements  of  ASTM  Method  E-399  are  adequate  to  insure  plane  strain 


conditions,  but  are  not  excessive- 


Due  to  limitations  on  the 


specimen  size,  the  pure  plane  stress  region  was  not  attained  in  these 
tests.  Nevertheless,  the  data  are  sufficient  to  show  tendencies  of  the 
difference  between  plane  strain  and  plane  stress  modes  of  fracture. 
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Table  1.  Chemical  compositions  of  the  alloys,  wt. 


Cu 

Fe 

Mg 

Mn 

Si 

Ti 

V 

Zn 

Zr 

14 

4.4 

0.5 

0.8 

0.8 

19 

6.4 

0.20 

<.01 

0.26 

0.15 

0.16 

0.12 

0.09 

0.16 

For  2014,  nominal  composition.  For  2219,  plasma  arc  analysis. 


Table  2.  Tensile  and  fracture  data  Iv>r  aluminum  alloy  2D  14-T652 
in  the  L-T  orientation. 


T(K) 

300 

76 

0 (IlPa) 

y 

405 

442 

402 

436 

Avg  = 

403.5 

Avg  = 

439. 

Avg  = 

0 (ksi) 

y 

58.8 

64.1 

58.4 

63.3 

Avg  = 

58.6 

Avg  = 

63.7 

Avg  = 

°uts 

476 

524 

475 

536 

Avg  = 

475.5 

Avg  = 

530. 

Avg  = 

0 (ksi) 

uts 

69.1 

76.0 

68.9 

77.7 

Avg  = 

69.0 

Avg  = 

76.8 

Avg  = 

E(GPa) 

75.6 

83.3 

E(l'si) 

11.0 

12.1 

V 

.341 

.331 

1/9 

(MPa  • m ' ) 

53.4 

49.9 

46.7 

53.4 

Avg  = 

50.1 

51.3 

Avg  = 

51.5 

(ksi  • in^^^) 

48.6 

45.4 

42.5 

48.6 

Avg  = 

45.6 

46.7 

Avg  = 

46.9 

(MPa  • m ' ) 

26.4 

33.0 

(handbook  value) 

(ksi  • in  ^^^) 

24 

30 

12  7 


(handbook  value) 


Table  3.  Tensile 

and  fracture  data 

for  aluminum  allc / 

2219-T87 

in  the 

T-L  orientation. 

T(K) 

300 

76 

4 

a (MPa) 

y 

411 

490 

547 

412 

496 

514 

Avg  - 411.5 

Avg  = 

493. 

Avg  = 

531 

a (ksi) 

y 

59.6 

71.1 

79 

59.7 

72.0 

Vl 

Avg  = 59.65 

Avg  = 

71.6 

Avg  = 

77 

^ (MPa) 

uts 

509 

630 

734 

503 

630 

706 

Avg  = 506. 

Avg  = 

630. 

Avg  = 

720 

(ksi) 

uts 

73.8 

■ 

91.4 

106 

73.0 

91.3 

102 

Avg  = 73.4 

Avg  = 

91.35 

Avg  = 

104 

E(GPa) 

77.4 

85.2 

85 

E(Msi) 

11.2 

12.4 

12 

V 

.330 

.319 

1/2 

(MPa  • m ' ) 

31.0 

37.2 

— 

30.6 

31^ 

— 

Avg  = 30,8 

Avg  = 

35.9 

1/2 

(ksi  • in  ' ) 
ic 

28.2 

33.9 

— 

27.9 

30.5 

— 

Avg  = 28.1 

Avg  = 

32.7 

1/2 

K (MPa  • m ' ) 

ic 

14 

(handbook  value) 

33.0 

— 

— 

1 /2 

(ksi  • in  ' ) 
Ic 

14 

(handbook  value) 

30.0 

— 

Table 

4.  J- 

Integral 

data  for 

aluminum 

alloy  2014- 

-T651  in 

the  T-L  orientation  at 

76  K. 

Sample  II 

B(cm) 

B(ln) 

b(cm) 

b(ln) 

Aa(i".m) 

Aa(10"^ 

in)  J(^) 
m 

in 

X small 
grains. 

A- 6 

.508 

0.2 

3.71 

1.46 

.011 

4.3 

33.6 

191.9 

lOZ 

A-15 

.508 

0.2 

3.56 

1.40 

.027 

10.5 

54.0 

308.2 

30% 

A-1 

.508 

0.2 

3.58 

1.41 

.036 

14.2 

29.6 

169.2 

100% 

A- 2 

.508 

0.2 

3.62 

1.42 

.071 

27.8 

56.0 

320.0 

50% 

A- 3 

.508 

0.2 

3.66 

1.44 

.116 

45.2 

100.5 

573.7 

50% 

B-8 

1.27 

0.5 

3.61 

1.42 

.009 

3.4 

13.4 

76.8 

100% 

B-3 

1.27 

0.5 

3.35 

1.32 

.009 

3.5 

26.7 

152.3 

20% 

B-7 

1.27 

0., 

3.56 

1.40 

.010 

4.0 

17.1 

97.8 

60% 

B-2 

1.27 

0.5 

3.43 

1.35 

.033 

13.0 

27.3 

156.0 

100% 

B-6 

1.27 

0.5 

3.48 

X.37 

.045 

17.9 

24.9 

142.0 

100% 

B-1 

1.27 

0.5 

3.43 

1.35 

.054 

21.2 

34.7 

197.9 

40% 

B-5 

1.27 

0.5 

3.45 

1.36 

.057 

22.5 

46.2 

264.1 

0% 

B-4 

1.27 

0.5 

3.53 

1.39 

.141 

55.5 

37.5 

214.2 

50% 

C-6 

2.54 

1.0 

3.63 

1.43 

.008 

3.1 

13.2 

75.1 

50% 

C-1 

2.54 

1.0 

3.45 

1.36 

.017 

6.6 

21.1 

120.5 

100% 

C-5 

2.54 

1.0 

3.51 

1.38 

.018 

7.0 

30.2 

172.7 

20% 

C-8 

2.54 

1.0 

3.63 

1.43 

.036 

14.1 

28.6 

162.9 

60% 

C-3 

2.54 

1.0 

3.68 

1.45 

.056 

22.0 

33.0 

188.7 

25% 

C-7 

2.54 

1 0 

3.51 

1.38 

.067 

26.5 

40.3 

230.3 

50% 

C-4 

2.54 

1.0 

3.38 

1.33 

.129 

50.9 

37.6 

215.0 

50% 

C-2 

2.54 

1.0 

J.  30 

1.30 

.218 

86.0 

59.2 

338.3 

100% 

Table  5a.  Dimensions  of  aluminum  2014  specimens  used  in  the  present 
study.  B and  W have  the  meanings  indicated  in  Fig.  1. 

Number  of 
specimens 

B W a tested 


0.51 

cm 

(0.2 

in) 

7.62 

cm 

(3 

in) 

4.57 

cm 

(1.8  in) 

1.27 

cm 

(0.5 

in) 

7.62 

cm 

(3 

in) 

4.57 

cm 

(1.8  in) 

2.54 

cm 

(1.0 

in) 

7.62 

cm 

(3 

in) 

4.57 

cm 

(1.8  in) 

3.81 

cm 

(1.5 

in) 

7.62 

cm 

(3 

in) 

4.01 

cm 

(1.58  in) 

Table  5b.  Dimensions  of  aluminum  2219  specimens  used  in  the  present 
study.  B and  W have  the  meanings  indicated  in  Fig.  1. 


B W 


0 .38 

cm  ( 

.15 

in) 

5.08 

cm 

(2 

0 il 

cm  ( 

.28 

in) 

5.08 

cm 

(2 

1.44 

cm  ( 

.56 

in) 

5.08 

cm 

(2 

a 

Number  of 
specimens 
tested 

in) 

3.05 

cm  (1.2 

in) 

5 

in) 

3.05 

cm  (1.2 

in) 

5 

in) 

3.05 

cm  (1.2 

in) 

5 

3.81  cm  (1.5  in) 


7.62  cm  (3  in) 


4.19  cm  (1.65  in) 
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Table  6,  J-integral  data  for  aluminum  alloy  2219-T87  in  the  L-T  orientation  at  76  K. 


Sample  It 

B(cm) 

B(ln) 

b(cm) 

b(ln) 

Aa(cm) 

Aa(lO  ^ in) 

J(H) 

m 

A-4 

.38 

.15 

2.03 

.80 

0 

0 

10.0 

A-5 

.38 

.15 

2.04 

.80 

.013 

5.1 

12.6 

A- 3 

.38 

.15 

2 03 

.80 

.033 

12.8 

16.7 

A-1 

.38 

.15 

2.04 

.80 

.074 

29.0 

21.8 

A- 2 

.38 

.15 

2.02 

.80 

.130 

51.0 

33.7 

B-4 

.71 

00 

CM 

2.03 

.80 

.001 

0.4 

9.6 

B-5  ■ 

.71 

.28 

2.09 

.82 

.008 

3.4 

10.9 

B-3 

.71 

.28 

2.06 

.81 

.024 

9.3 

13.1 

B-1 

.71 

.28 

2.11 

.83 

.097 

38.1 

12.5 

B-2 

.71 

.28 

2.06 

.81 

.183 

71.9 

27.3 

C-3 

1.42 

.56 

2.08 

.82 

.002 

0.7 

9.0 

C-5 

1.42 

.56 

2.02 

.80 

.013 

5.1 

11.7 

C-1 

1.42 

.56 

2.09 

.82 

.020 

8.0 

13.0 

C-2 

1.42 

.56 

1.99 

.78 

.076 

30.0 

16.6 

C-7 

1.42 

.56 

2.01 

.79 

.357 

62.0 

20.2 

D-7 

3.81 

1.5 

3.65 

1.44 

.009 

3.8 

10.0 

D-6 

3.81 

1.5 

3.47 

1.37 

.067 

26.2 

13.4 

D-3 

3.81 

1.5 

3.51 

1.38 

.072 

00 

14.8 

Table  7.  Measured  and  predicted  (from  K^.^)  values  of  for 
four  specimen  thicknesses  of  aluminum  alloy  2219-T87 
at  76  K. 


B(cm) 

B(ln) 

MEASURED 
J_  (kJ/m^)  J, 

Ic  -w 

,ln-lb. 

4 2 ^ 

in 

^PREDICTED  , ,, 

J (kJ/m2)  J 2 : 

1C  1C 

.38 

.15 

10.3 

59 

13.6 

77.5 

.71 

.28 

10.0 

57 

13.6 

77.5 

1.42 

.56 

9.6 

55 

13.6 

77.5 

3.81 

1.  50 

9.5 

54 

13.6 

77.5 

Table  8.  Measured  values  of  crack  extension  and  secant  deviation 
for  two  specimen  thicknesses  of  aluminum  alloy  2219-T87 
at  76  K. 


Sample  // 

B(cm) 

B(in) 

Aa(cm) 

Aa(10”^  in) 

secant  deviation 
(per  cent) 

C-3 

1.42 

.56 

.002 

.7 

0 

C-5 

1.42 

.56 

.013 

5.1 

0 

C-1 

1.42 

.56 

.020 

8.0 

2.1 

C-2 

1.42 

.56 

.076 

30.0 

7.1 

C-7 

1.42 

.56 

.157 

62 

14.0 

D-7 

3.81 

1.5 

.010 

3.8 

3.0 

D--6 

3.81 

1.5 

.067 

26.2 

4.0 

D-  5 

3.81 

1.5 

.072 

28.5 

5.7 

Table Al.  Maximum  stress  intensity  and  maxlmuti  stress  intensity 
corrected  for  the  plastic  zone  for  four  specimen 
thicknesses  of  aluminum  alloy  2219-T87  at  76  K. 


Sample  It 

B(cm) 

B(ln) 

1/2 

K^(MPa*m  ' ) 

Kj^(ksi-ln^''^) 

1/2 

Kj^*  (MPa*m  ' ) 

y(ksi- 

A- A 

.38 

.15 

46.2 

42.0 

57.6 

52.4 

B-4 

.71 

.28 

38.1 

34.7 

42.3 

30.5 

C-.. 

1.42 

.56 

34.8 

31.7 

37.9 

34.5 

D-7 

3.81 

1.5 

34.1 

31.0 

35.6 

32.4 

0-1 

3.81 

r.5 

37.6 

34.2 

39.3 

35.8 

0-2 

3.81 

1.5 

37.8 

34.4 

39.6 

36.0 
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Figure  1.  Specimen  configuration  used  In  the  present  study. 

Figure  2.  J-Aa  data  for  aluminum  alloy  2219. 

Figure  3.  Secant  deviation  versus  crack  extension  for  aluminum 

alloy  2219. 
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Figure  3.  Secant  deviation  versus  crack  extension  for  aluminum  alloy  2219. 
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Figure  AT.  Observed  maximum  stress  intensity  versus  specimen  thickness 
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Summary;  Magnetothermal  Conductivity 

The  thermal  conductivity  and  effect  of  a magnetic  field  on  the  thermal 
conductivity  of  UNS-A91100  in  the  "0"  anneal  condition  (aluminum  1100  annealed 
at  350°  C for  1 hour)  have  been  determined  in  the  temperature  range  5 k 
to  20  K.  A magnetic  field  typically  increases  the  electronic  therMl 
resistance  and  thus  lowers  the  total  observed  thermal  conductivity  of  a metal. 
For  the  present  aluminum  specimen  (RRI  = 32.6)  the  data  indicate  that  a 
6366  kA/m  (80  kOe)  magnetic  field  redu^'es  the  thermal  conductivity  by  29%  at 
5.5  K and  by  50%  at  20  K.  Electrical  resistivity  data  have  also  been  deter- 
mined and  show  an  increase  in  resistivity  with  increasing  magnetic  field. 
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MAGNETOTHERMAL  CONDUCTIVITY 

L.  L.  Sparks 

Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


1.  Introduction 

The  objective  is  to  determine  the  effect  of  magnetic  fields  on  the  ther- 
mal conductivity  of  technically  important  metals.  The  need  for  this  infor- 
mation arises  from  the  development  of  rotating  macninery  operating  at  cryo- 
genic temperatures.  The  existing  world's  literature  on  magnetothermal 
conductivity,  A (H) , is  concerned  almost  exclusively  with  scientific  materials, 
e.g.,  very  pure  materials  and  single  crystals.  A complete  bibliography  of 
the  subject  was  given  by  Sparks  and  Pickett  [1]. 

The  mat  erials  studied  in  this  program  are  being  used  or  are  candidates 
for  use  in  superconducting  motors  and  generators.  Optimum  design  of  these 
machines,  which  must  operate  at  low  temperatures  while  in  magnetic  fields, 
requires  a detailed  knowledge  of  how  the  thermal  properties  of  the  constituent 
Ti^terials  are  affected  by  a magnetic  field.  The  broad  material  categories 
jf  interest  include  superconductor  stabilizing  materials  such  as  copper  and 
Tlumini'm,  and  structural  materials  such  as  nickel  alloys,  stainless  steels, 
and  metallic  composites. 


2.  Procedures 


2 . 1 Apparatus 

The  principal  components  of  the  A (H)  system  are  shown  schematically  in 
Figure  1.  Since  the  detaileu  operation  of  the  system  has  been  described  in 
previous  reports  [1,2]  and  the  details  of  several  system  modifications  were 
discussed  in  [3] , only  a very  brief  reiteration  of  the  system  and  its  opera- 
tion is  included  here.  The  specimen  chambt.  , as  shown  in  Figure  1,  is 
evacuated  (operating  pressure  is  less  than  10~4  pa)  and  immersed  in  liquid 
helium.  The  liquid  helium  provides  refrigeration  to  the  specimen  via  the 
THERMAL  LINKS  (capitalized  terms  refer  to  Figure  1).  The  specimen  is  shown 
mounted  with  its  axis  parallel  to  the  axis  of  the  superconducting  solenoid 
which  allows  the  lonaitudinal  field  effect  to  be  determined. 

The  basic  operation  of  the  system  involves  balancing  electrical  power 
supplied  to  three  heaters  wrch  the  heat  leak  to  the  liquid  helium  bath  via 
the  THEIuJCAL  LINKS.  The  electrical  heaters  were  wound,  one  each,  on  the 
TEMPERA'  URE  CONTROLi.ioD  HLAT  SINK  (TCHS),  the  SPECIMEN,  and  the  TEMPERING 
POST.  The  power  supplisd  tc  the  TCHS  determines  the  approximate  temperature 
of  the  specimen;  the  r-PECIMEK  HFATCR  is  used  to  establish  a temperature 
gradient  along  the  specimen;  and  the  T’tMPERING  POST  HEATER  is  used  to  reduce 
the  temperature  difference  between  the  specimen  and  the  tempering  post  to 
less  than  + 5 mK.  The  TEMPERING  POST  and  TCHS  heaters  are  automatically 
controlled  during  all  tests  while  a constant  current  is  supplied  to  the 
SPECIMEN  HEATER.  The  temperature  difference  existing  along  the  sample  due 
to  the  specimen  heater  current  ±s  detcri.v'r.d  at  the  two  THERMOMETER  BLOCKS. 
The  thermal  conductivity  ot  the  - /v^n  is  then  computed  from  a knowledge 
of  the  specimen  geometry  ( area/len‘,’f ' , the  specimen  heater  power  (Q)  , and 

the  measured  temperature  difference  aiong  the  specimen  (AT) . The 


relationship  of  X to  these  parameters  is  given  by 


X 


Q 

jAT 


(1) 


A series  of  measurements  of  AT  and  Q at  various  fields  (0  i H ^ 6366  kA/m) * 
and  temperatures  (4  < T < 20  K)  result  in  the  data  presented  in  this  report. 

2 . 2 Materials 

One  material,  UNS-A91100  (aluminum  1100),  was  tested  during  this  report- 
ing period.  The  mill  analysis  in  weight  percent  of  the  stock  used  for  the 
A(H)  specimen  is  as  follows:  Cu  = 0.2,  Fe  = 0.6,  Si  = 0.1,  and  the  balance 

is  Al.  The  test  specimen  is  in  the  "0"  condition  after  being  annealed  for 
1 hour  at  350^  C in  a vacuum  of  1.33  X 10“^  Pa  and  then  furnace  cooled.  The 
DP  hardness  of  the  annealed  specimen  is  28  (1  kq  load)  and  its  density  is 
2.818  X 10^  kg/m^  at  294  K.  The  residual  resistance  ratio,  i^273K/^4K» 

32.6,  and  the  ratio  of  area  to  length  is  4.84  X 10“'^  m. 

The  THERMOMETER  BLOCKS  and  the  SPECIMEN  HEATER  are  attached  to  the  speci- 
.tien  by  soldering  as  detailed  in  [3]  . In  order  to  avoid  the  difficulties 
involved  in  soldering  to  aluminum,  thin  copper  strips  were  electroplated  to 
the  specimen  as  needed  after  the  specimen  was  annealed. 


3 . Results 

The  thermal  conductivity  of  the  present  specimen  is  shown  in  Figure  2 
as  a function  of  temperature  with  magnetic  field  as  a parameter.  The  reduc- 
tion in  conductivity  from  the  zero  field  values  caused  by  a 6366  kA/m  (80  kOe) 
field  is  29%  at  5 K and  50%  at  20  K.  The  estimated  uncertainty  of  the  ther- 
mal conductivity  data  points  is  + 6%  at  T = 4 K and  + 8%  at  T = 20  K. 

Figure  3 presents  the  relative  change  in  the  thermal  resistance,  AW/Wh=o  = 

(Wjj  - Wjj=o)/%=0'  ® function  of  magnetic  field  with  temperature  as  a para- 

meter. The  electrical  resistivity  is  shown  in  Figui'e  4.  The  estimated 
uncertainty  of  the  electrical  resistivity  data  points  is  8%. 


4 . Discussion 

Attempts  to  find  corroborating  data  have,  to  a large  extent,  been  unsuc- 
cessful both  for  the  case  where  H = O and  H / O.  The  literature  contains 
many  references  to  papers  dealing  with  the  thermal  conductivity  of  aluminum 
at  zero-magnetic  field  [4] , and  several  references  given  in  [1]  deal 
with  thermal  conductivity  of  aluminum  in  magnetic  fields.  V/ith  two 
exceptions,  however,  the  low  temperature  thermal  conductivity  of  alumi- 
num data  pertain  to  very  high  purity  polycrystalline  or  single  crystal 
specimens.  This,  coupled  with  the  fact  that  thermal  and  electrical  corauc- 
tivities  of  most  good  conductors  are  extremely  dependent  on  trace  '.iiou iv.’ es 
and  thermal  history,  makes  direct  comparison  to  the  present  df.ta  d’ J^'  Lcult . 

Powell,  et  aL  [5]  measured  the  thermal  and  electriral  ccnduc'  iv'i  ty  of 
two  UNS-A91100  specimens;  one  was  used  in  the  "F"  condition  (at  J itrlcated) 


I 

n 

?! 


* The  International  System  of  Units  (SI) 
strength  is  ampere  per  meter,  and  this 
The  more  conventional  unit  of  magnetic 
also  given.  Conversion  of  oersteds  to 
multiplying  oersteds  by  1000/4ir. 
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designation  for  n tgn  ? .c  :i*=ld 
unit  is  used  thj.  ' igh.  ut  t iis  paper 
field  strength,  tie  ;rsted  is 
amperes/ meter  Ir  acc  •.nol  i .■'.cd  by 
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and  the  other  in  the  "0"  condition  (fully  annealed) . His  results  for  the 
"0"  specimen  were  anomalous  in  that  the  observed  thermal  conductivity  was 
even  lower  than  that  of  the  "F"  specimen.  The  RRR  for  his  "0"  specimen  was 
around  15  when  the  expected  value  for  this  grade  of  aluminum  is  32.  The 
behavior  of  the  "0"  specimen  was  attributed  to  high  impurity  levels  in  the 
stock  material.  Present  results  can  also  be  compared  with  those  of  de  Nobel  [6] 
In  this  case  the  data  extend  down  to  only  15  K (a  5 K overlap  with  the  present 
data)  and  the  material  is  not  well  characterized,  de  Nobel's  material  was 
intended  to  be  used  in  construction  of  laboratory  apparatus  (therefore,  not 
of  extremely  high  purity) ; its  conductivity  is  approximately  5%  lower  than 
the  present  data. 


The  temperature  dependence  of  the  relative  change  in  thermal  resistivity, 
AW/Wjj=q,  as  shown  in  Figure  3 is  opposite  that  of  the  copper  specimens  tested 
earlier  [7].  This  temperature  dependence  has  been  observed  before  [8]  for 
single  crystal  specimens  at  lower  temperatures.  Further  study  of  the  pre- 
sent data  will  be  necessary  to  examine  the  possible  scattering  mechanisms 
responsible  for  this  behavior. 


The  uncertainty  in  the  electrical  resistivity  data  shown  in  Figure  4 is 
high  due  to  the  short  specimen  length  and  low  allowable  specimen  current 
(due  to  small  wires) . The  scatter  in  the  zero  field  data  was  considerably 
higher  than  the  H / 0 data.  These  data  sets  (H  = 0 and  H / 0)  were  taken  on 
different  days  but  were  otherwise  the  same.  The  H = 0 curve  shown  in  this 
figure  is  from  Clark,  et  al.  [9];  their  specimen  had  the  same  RRR  as  the 
present  specimen  within  experimental  uncertainty.  An  analysis  of  these 
Ap/ph=o  data  indicate  that  the  magnetic  field  effect  on  the  resistivity  is 
only  a very  weak  function  of  temperature. 


In  conclusion,  the  thermal  conductivity  of  aluminum  UNS-A91100  in  the 
"0"  annealed  condition  is  reduced  when  a magnetic  field  is  applied.  The 
magnitude  of  the  reduction  caused  by  a 6366  kA/m  field  is  29%  at  5 K and  50% 
at  20  K.  The  temperature  dependence  of  AW/V^=0  is  the  inverse  of  that  found 
for  the  copper  specimens  measured  previously. 
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Figure  2.  Thermal  conductivity  of  UNS-A91100  "0"  as  a function  of  temperature 
with  magnetic  field  as  a parameter. 
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Figure  4.  Electrical  resistivity  as  a function  of  temperature  with  magnetic 
field  as  a parameter.  The  dashed  line  represents  H = O data  from 
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During  the  current  reporting  period  no  thermal  conductivity  measurements 
were  performed.  The  final  measurements  for  this  program  will  be  performed 
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Graphite-Epoxy  Composite  (longitudinal,  transverse) 

The  final  report  will  contain  the  results  of  these  measurements  and  a summary 
of  me  thermal  conductivities  of  materials  pertinent  to  this  program. 
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Fatigue  striations  along  crystallographic  direction. 

Figure  7-21  A-286,  Fatigue-crack  growth  specimen,  tested  at  77K 

(a)  lOOX  (b)  500X  intergranular  failure,  fatigue 
striations,  tensile  fracture  (T)  and  carbides  at  boundaries 
(c)  lOOOX  (d)  detail  25000X 

Figure  7-22  N-33,  SEM  micrographs  of  polished  and  etched  weldment, 

deformed  at  RT  in  bending.  Evidence  of  martensitic 
transformation  S:  slip  lines,  M:  martensite  (accicular) 

E:  etch  pits,  a-b:  6800,  c-d:  13600 

Figure  8-1  A comparison  of  the  magnetization  versus  magnetic  field 

for  Inconel  718  from  the  data  of  Westinghouse  and  Efferson 
and  Leonard 

Figure  8-2  A comparison  of  the  magnetization  versus  magnetic  field 
for  31  OS  from  the  data  of  Westinghouse  and  Efferson  and 
Leonard 
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'Materials  Research  For  Superconducting  Machinery " was  itiittatnd  t\v 
ARPA  and  NBS  in  FY  74. 


The  Westinghouse  Research  Laboratories  (WRL)  has  been  an 
active  participant  in  the  ARPA/NBS  program  thtvnghont. 

The  Westinghouse  Research  Laboratories  prograni  has  concen- 
trated on  three  basic  tasks,  namely:  I.  The  characto'l zation  and 
evaluation  of  candidate  structural  alloys,  11.  The  invor.tiqation  ol 
metals  processing  considerations  on  the  cryogenic  behavior  of  seltHtml 
alloys  and  III.  The  evaluation  of  fabricated  joints  for  cryogenic 
structural  applications.  The  evaluation  prococinros  eiii|)loytMl  In  the 
WRL  program  include  mechanical  and  fracture  mechanics  testing,  metal 
lography,  fractography  and  magnetic  and  electrical  resIsLIvlty  iiieasiiro 
ments  from  room  temperature  to  4K.  Ernphasi'  he  focused  direction 
of  this  effort  is  placed  upon:  (A)  utilizi;  nodi  . n fracture  mecfianits 
technology  to  evaluate  the  fractun  - ; iiiriess  and  faLluue 

crack  growth  rate  (FCGR)  of  various  alloy  conditions,  (h)  evaluating 
various  selected  materials/processing  and  fabrication  (MIM  ) t(‘ctin1(|u<‘s 
to  elucidate  the  significant  effects  of  MPF  on  the  cryogenic  behavior 
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Interest  in  the  engineering  application  of  superconducting 
field  windings  in  advanced  cryogenic  structures  and  devices  has  stimu- 
lated renewed  interest  in  the  mechanical  and  physical  behavior  of 
cryogenic  structural  support  materials.  Examples  of  such  advanced 
cryogenic  applications  include  such  prototype  devices  as  superconducting 
machinery  and  large  s.c.  magnets  for  Magnetohydrodynamic  (MHD)  and 
Controlled  Thermonuclear  Reactor  (CTR)  Type  devices.  The  prior 
existing  data  base  for  structural  materials  in  such  applications  was 
assessed  as  inadequate  for  effective  materials  selection  and  utili- 
zation in  a high  reliability  design.  Consequently,  a program  entitled, 
"Materials  Research  For  Superconducting  Machinery"  was  initiated  by 
ARPA  and  NBS  in  FY  74. 

The  Westinghouse  Research  Laboratories  (WRL)  has  been  an 
active  participant  in  the  ARPA/NBS  program  throughout. 

The  Westinghouse  Research  Laboratories  program  has  concen- 
trated on  three  basic  tasks,  namely:  I.  The  characterization  and 
evaluation  of  candidate  structural  alloys,  II.  The  investigation  of 
metals  processing  considerations  on  the  cryogenic  behavior  of  selected 
alloys  and  III.  The  evaluation  of  fabricated  joints  for  cryogenic 
structure''  applications.  The  evaluation  procedures  employed  in  the 
WRL  program  include  mechanical  and  fracture  mechanics  testing,  metal- 
lography, fractography  and  magnetic  and  electrical  resistivity  measure- 
ments from  room  temperature  to  4K.  Emphasis  in  the  focused  direction 
of  this  effort  is  placed  upon:  (A)  utilizing  modern  fracture  mechanics 
technology  to  evaluate  the  fracture  toughness  and  fatigue 

crack  growth  rate  (FCGR)  of  various  alloy  conditions,  (B)  evaluating 
various  selected  materials/processing  and  fabrication  (MPF)  techniques 
to  elucidate  the  significant  effects  of  MPF  on  the  cryogenic  behavior 
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of  these  alloys,  (C)  employment  of  metal lographic  and  fractographic  • 

analysis  techniques  to  characterize  the  microstructures  and  fracture 

surfaces  of  the  tested  materials,  and  (D)  evaluating  the  general  and 

specific  structural  materials  considerations  required  to  establish 

failure-safe  design  materials  selection  and  utilization  criteria.  # 

During  this  fifth  semi-annual  reporting  period  (October  1975 
to  April  1976),  two  additional  structural  candidate  materials  were 
introduced  namely:  Pyromet  538  (21Cr-6Ni-9Mn)  and  A-286  stainless 

steels.  Weldments  in  both  these  materials  have  been  fabricated  and 
are  presently  being  tested.  Tensile  and  metal lographic  data  on 
additional  processed  conditions  of  Inconel  718  is  presented.  Dynamic 
fracture  toughness  data  at  77K  is  included  which  reveals  no  significant 
differences  from  the  static  Kjj.  results  for  Udimet  718  alloy. 

Fatigue  crack  growth  rate  results  are  included  for  Inconel  706,  718 
and  the  LEA  alloy.  Metal  lographic  and  fractographic  analysis  has 
attributed  the  low  ductility  and  low  fracture  toughness  of  Inconel  718 
and  706  weldments  to  the  presence  of  intergranular  (Nb,Ti)C  films  in 
the  weld  fusion  zones.  Relationships  originally  derived  by  Hull  for  the 
prediction  of  delta  ferrite  and  martensite  in  austenitic  stainless 
steels  are  presented  and  evaluated  with  respect  to  experimental  data 
available.  Results  on  longitudinal  varestraint  weldability  tests 
conducted  on  both  austenitic  stainless  steels  and  nickel  base  718 
superalloy  are  presented  demonstrating  considerable  hot  cracking  is 
experienced  in  both  the  FZ  and  the  HAZ  of  the  A-286  and  the  718  alloy. 
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2.0  INTRODUCTION 


Work  described  in  this  report  rept^esents  the  most  recent 
Westinghouse  Research  Laboratories  contribu:ion  to  the  Advanced  Research 
Project  Agency  Program  entitled  "Materials  Research  for  Superconducting 
Machinery".  This  program  is  supported  by  DOD-ARPA  under  the  direction  of 
Dr.  Edward  C.  vanReuth.  Program  management  is  administered  by  the 
Cryogenics  Division  of  the  National  Bureau  of  Standards  with 
Dr.  Richard  P.  Reed  as  overall  program  manager  and  Dr.  Alan  F.  Clark 
as  contract  monitor. 

The  present  Westinghouse  Research  Laboratories  (WRL)  program 
has  as  its  objectives: 

(1)  To  select,  characterize  and  evaluate  candidate  structural  materials 
for  suitability  of  use  in  advanced  superconducting  machinery. 

(2)  To  investigate  the  influence  of  selected  processing  and  fabrication/ 
joining  actors  or  techniques  on  the  mechanical,  fracture  mechanics 
and  physical  (magnetic  and  electrical  resistivity)  properties  of 
candidate  structural  materials. 

(3)  To  develop  engineering  cryogenic  mechanical  and  physical  property 
data  of  direct  usefulness  to  designers  of  prototype  S.C.  machinery. 

(4)  To  help  establish  with  designers  of  such  systems,  more  specific 
criteria  for  selecting  and  improving  the  utilization  of  structural 
materials  in  S.C.  machinery  prototypes. 

Four  previous  WRL  semi-annual  technical  reports  have  been 
issued  on  this  program  as  follows: 

(a)  WRL  Report  No.  74-9D4-CRYMT-R1 , dated  March  1,  1974 

(b)  WRL  Report  No.  74-9D4-CRYMT-R2,  dated  September  9,  1974 

(c)  WRL  Report  No.  75-9D4-CRYMT-R1 , dated  March  10,  1975 

(d)  WRL  Report  No.  75-9D4-CRYMT-R2,  dated  October  10,  1975 


These  Westinghouse  reports  along  with  those  of  the  four  other  partici- 
pating laboratorus,  namely.  The  Battelle  Columbus  Laboratories,  General 
Electric  Research  and  Development  Center,  Martin  Marietta  Aerospace- 
Denver  Division  and  The  Nation:.!  Bureau  of  Standards-Cryogenic  Division, 
are  included  in  the  four  corresponding  NBS-ARPA  overall  program  semi- 
annual technical  reports,  entitled  "Materials  Research  For  Superconducting 
Machinery-I  (dated  March  1974),  -II  (dated  October  1974),  -III  (dated 
March  1974)  and  -IV  (dated  October  1975)",  respectively.  In  addition,  a 
"Handbook  on  Materials  for  Superconducting  Machinery"  has  been  published 
by  the  Metals  and  Ceramics  Information  Center  at  Battelle  as  MCIC-HB-04. 

Four  technical  papers  have  been  v.'ritten  by  WRL  staff  members 
concerning  work  mainly  accomplished  during  the  Westinghouse  FY  74  and 
FY  75  program.  These  papers  are  as  follows: 

1.  Logsdon,  W.  A.,  "Cryogenic  Fracture  Mechanics  Properties  of  Several 
Manufacturing  Process/Heat  Treatment  Combinations  of  Inconel  X750", 
Advances  in  Cryogenic  Engineering,  V.  22,  (to  be  published  in  1976). 

2.  Kossowsky,  R. , "Microstructure  of  Inconel  X750  Materials  For  Cryogenic 
Structural  Applications",  Adv.  in  Cry.  Engrg.,  V.  22,  (to  be  published 
in  1976). 

3.  Wells,  J.  M.,  "Evaluation  of  Inconel  X750  Weldments  For  Cryogenic 
Applications",  Adv.  in  Cry.  Engrg.,  V.  22,  (to  be  published  in  1976). 

4.  Logsdon,  W.  A.,  Wells,  J.  M.,  and  Kossowsky,  R.,  "Fracture  Mechanics 
Properties  of  Austenitic  Stainless  Steels  For  Advanced  Cryogenic 
Applications",  Westinghouse  Scientific  Paper  75-9D4-CRYMT-P3, 

December  31,  1975  (to  be  published). 

The  first  three  papers  were  presented  at  the  1975  ICMC  Conference  at 
Kingston,  Ontario  and  have  been  submitted  for  publication  in  Vol . 22 
of  Advances  in  Cryogenic  Engineering. 


3.0  INTERPRETIVE  SUMMARY 


The  purpose  of  this  section  is  to  provide  for  the  casual 
as  well  as  the  involved  reader  both  a continuing  overall  summation  of 
accumulated  information  developed  in  the  Westinghouse  program  and  a 
perspective  of  the  significance  of  such  information  relative  to  the 
design  and  fabrication  of  advanced  cryogenic  machinery. 

3.1  Program  Status 

A testing  and  evaluation  status  summary  for  the  Westinghouse 
FY  74,  FY  75  and  FY  76  efforts  are  presented  in  Tables  3-1,  3-2  and 
3-3,  respectively. 

For  the  FY  76  effort,  all  processing  and  metals  joining 
activities  are  completed  with  the  exception  of  three  remaining  A-286 
GTA  weldments  (Code  91XX)  to  be  fabricated,  radiographed  and  examined. 
Mechanical  tensile  testing  is  completed  on  the  processed  718  base  metal 
conditions  Code  67XX,  68XX  and  69XX  and  reported  herein.  Fracture 
mechanics  tests  on  these  718  material  codes  are  in  progress  and  will  be 
completed  shortly.  Mechanical  and  fracture  mechanics  specimens  have  been 
machined  for  the  SMA  and  GTA  weldments  in  the  Pyromet  538  material 
(Codes  94XX  and  93XX,  respectively)  and  will  be  tested  shortly.  Fracto- 
graphic  and  additional  metal lographic  analyses  have  been  conducted  on 
both  the  ba:;e  metal  and  weldment  conditions  in  the  Inconel  706  and  718 
alloys  and  the  Udimet  718  and  A-286  base  metal  materials.  Fractographic 
and  further  metal lographic  examination  and  analyses  on  the  Pyromet  538 
and  A-286  weldments  will  be  presented  in  tne  following  report. 

Magnetic  saturation  measurements  on  the  A-286  base  metal,  IN  718  (Code 
69XX),  Pyromet  538  (21-6-9)  base  metal  and  weldments  were  conducted  in 
this  period  and  are  reported  herein  in  Section  8. 
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Finally,  an  additional  technical  paper  has  been  completed 
entitled  "Fracture  Mechanics  Properties  of  Austenitic  Stainless  Steels 
For  Advanced  Cryogenic  Applications"  and  is  included  in  this  report 
as  Appendix  A. 

3 . 2 Alloy  Selection  and  Utilization 

Ten  different  candidate  cryogenic  structural  alloys  have 
been  evaluated  during  the  course  of  the  Westinghouse  program.  Four 
specific  alloys,  namely;  OFHC  Copper,  AISI  310S  and  Kromarc  58  Stain- 
less Steels  and  Inconel  X750  nickel -base  superalloy  were  included  in 
the  original  FY  74  effort.  Subsequently  in  the  FY  75  program,  four 
additional  alloys  were  introduced,  namely:  PD-135  (a  precipitation 

hardening  Cd-Cr-Copper  alloy)  , INCO  LFA  (an  age-hardenable  low  expansion 
nickel-base  al loy) , Inconel  718  and  Inconel  706  nickel-base  superalloys. 

In  this  third  and  final  year  (FY  76)  effort,  two  alloys  were  included, 
namely;  Pyromet  538  (21-6-9)  high  manganese  stainless  steel  and 
A-286,  an  age-hardenable  stainless  steel. 

A particular  emphasis  has  been  placed  on  the  characterization 
and  documentation  of  the  starting  base  materials  as  well  as  on  the 
various  processing  and  fabrication  conditions  to  which  these  materials 
were  subjected.  This  characterization  includes  chemical  analysis, 
melting  practice  and  mill  processing  details  when  available,  heat 
numbers,  microstructural  analysis,  grain  size  measurements,  and  hardness 
measurements  in  addition  to  the  physical,  mechanical  and  fracture  mechanics 
property  evaluations,  and  fractographic  examination  and  analyses.  Such 
emphasis  on  characterization  (and  complete  documentation  thereof)  is 
considered  essential  in  a program  such  as  this  for  two  basic  reasons, 
namely: 

• The  specific  physical,  mechanical  and  fracture  mechanics 
property  data  generated  are  applicable  to  the  parti cu.ar 
materials  evaluated  herein  and  may  be  significantly  different 
from  similar  data  generated  elsewhere  on  material  of  the  same 
alloy  designation,  but  of  different  chemical  composition,  or 
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product  form  or  size  which  may  differ  appreciably  in 
microstructural  detail. 

• It  is  highly  desirable  to  understand  how  such  properties, 
which  are  required  for  design  and  fabrication  considerations, 
are  influenced  by  the  actual  microstructure  and/or  com- 
position of  a particular  alloy.  Such  information  is  useful 
in  both  materials  selection  and  in  assessing  the  effects 
of  various  processing  and  fabrication  operations  involved 
either  in  the  original  mill  processing  of  the  starting 
materials  or  in  the  actual  hardware  fabrication  of  a parti- 
cular cryogenic  device. 

Other  candidate  cryogenic  structural  materials  have  been 
identified  (See  Table  5-1)  which,  on  the  basis  of  the  limited  data 
available,  appear  worthy  of  initial  screening  tests.  Modifications 
of  these  various  alloys  should  also  be  considered  since  their  composi- 
tions were  originally  optimized  for  elevated  (rather  than  cryogenic) 
temperature  service.  Furthermore,  since  various  combinations  of  these 
alloys  are  likely  to  be  employed  in  the  same  structure  or  device,  the 
subject  of  dissimilar  metal  joint  property  evaluacion  for  cryogenic 
service  should  also  be  addressed.  In  addition,  a significant  effort 
is  still  required  by  materials  scientists  and  engineers  in  interfacing 
with  the  designers  and  fabricators  of  advanced  cryogenic  structures  to 
better  establish  effective  and  functional  materials  selection  and 
utilization  criteria. 

3 . 3 Mechanical  and  Fracture  Mechanics  Properties 

Mechanical  property  data  as  obtained  from  smooth  and  notched 
(K^  = 10)  tensile  testing  for  all  candidate  materials  evaluated  to 
date  in  this  WRL  program  are  graphically  summarized  in  Figs.  3-1  to  3-4. 
Fracture  toughness  values  evaluated  at  4K  are  summarized  in  Fig.  3-5  and 
are  coded  to  reflect  either  base  metal,  processing  effects  or  weldment 
or  brazed  sample  conditions.  Much  of  this  summarized  data  has  been 
reviewed  in  Section  3 of  the  previous  WRL  reports  and  therefore,  the 
remarks  following  will  pertain  primarily  to  the  recently  added  data. 
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Figure  3-3  now  includes  the  tensile  data  on  the  GTA  weldments 
in  Inconei  706  (VIM-VAR)  material  which  were  given  a post  weld  solution 
and  double  aging  treatment  material  code  72XX.  A comparison  of  these 
results  reveals  that  the  0.2%  yield  strength  of  the  706  transverse  weld 
specimens  was  about  94%  at  RT  and  96%  at  4K  of  the  corresponding  706  base 
metal  data  (condition  71XX).  The  ultimate  tensile  strength  of  these 
weldments  achieved  only  38%  at  RT  and  83%  at  4K  of  the  base  metal  UTS 
values.  The  notched  tensile  strength  of  the  706  weldment  was  86%  at  RT 
and  83%  at  4K  of  the  base  metal  NTS  values.  The  notched  tensile  strength 
to  yield  strength  ratio  of  the  706  weldments  was  1.6  at  RT  and  1.4  at  4K 
as  opposed  to  a constant  value  of  1.8  for  the  base  metal  NTS/YS  ratio 
values.  Thus,  the  706  weldments  were  slightly  more  notch  sensitive  than 
the  corresponding  base  metal  but,  notch  sensitivity  is  not  considered 
a significant  problem  in  either. 

A significantly  lower  ductility  level  expressed  as  either 
reduction  in  area  (RA)  or  total  elongation  was  experienced  with  the  706 
weldments  as  compared  to  the  706  base  metal  from  RT  to  4K.  At  4K,  the 
welds  attained  only  17%  of  the  RA  and  14%  of  the  total  elongation  values 
measured  for  the  706  base  metal.  These  severe  losses  in  the  ductility 
of  the  weld  metal  relative  tr  the  706  base  metal  have  been  attributed 
to  intergranular  (Nb,  Ti)C  carbide  films  formed  in  the  weld  fusion  zone. 
Such  MC  films  are  associated  with  the  Inconel  718  filler  wire  u-.od  in  these 
welds,  since  no  such  films  are  observed  in  the  Inconel  706  base  metal. 

It  would  be  desirable  to  evaluate  GTA  weldments  made  in  IN  706  using  a 
matching  IN  706  filler  wire  (instead  of  the  718  filler  wire),  although 
such  tests  cannot  be  included  in  the  present  Westinghouse  FY  76  program. 

Figure  3-3A  is  essentially  the  same  graphical  summation  of 
tensile  data  for  the  various  Electron  Beam  and  GTA  Weldment  conditions 
in  the  Inconel  X750  alloy  as  presented  previously  as  Fig.  3-4. 

Figure  3-4  of  this  report  includes  tensile  test  data  for 
Udimet  718  from  a separate  program  ( 1 ) as  well  as  Inconel  718  base 

metal,  weld  fusion  and  heat-affected  zone  and  various  cold  work  and  re- 
heat treating  conditions.  The  0.2%  yield  strength  and  the  ultimate 
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tensile  strength  of  the  Udimet  718  was  quite  comparable  to  that  of  the 
Inconel  718  material,  both  alloys  in  the  STDA  condition.  The  ductility 
of  the  Udimet  718  billet  material,  however,  was  considerably  greater 
from  RT  to  4K  than  that  evidenced  by  the  Inconel  718  billet  material 
(Code  64XX).  The  GTA  weldments  (Code  65XX)  in  the  Inconel  718  material 
were  made  using  IN  718  filler  wire  and  demonstrated  a further  significant 
reduction  in  ductility  and  in  notch  tensile  strength  over  the  IN  718 
base  metal.  The  notched  tensile  strength  of  the  heat-affected  zone 
in  the  IN  718  weldments  (Code  66XX)  was  greater  than  or  equal  to  that 
of  the  weld  fusion  zone,  but  10  to  20%  lower  than  that  of  the  parent 
IN  718  base  metal . 

Figure  3-5  consists  of  a summary  comparison  of  fracture 
toughness  valves  at  4K  for  all  materials  evaluated  to  date.  No  data 
is  shown  for  the  OFHC  copper,  since  valid  measurements  could 

not  be  attained  with  the  techniques  employed.  The  OFHC  copper  is 
considered  of  greater  fracture  toughness  than  any  of  the  materials 
tested  to  date.  Fracture  toughness  tests  have  been  conducted  on  the 
PD-135  age  hardenable  copper  alloy,  but  results  are  not  shown  in 
Figure  3-5  as  the  elastic  constants  at  4K  are  not  yet  available. 

3 . 4 Effect  Q-^  Processing 

The  effects  of  the  various  processing  operations  included  in 
the  WRL  program  on  the  yield  and  tensile  strength  and  the  fracture 
toughness  properties  of  several  alloys  are  summarized  in  Figures  3-6 
and  3-7,  normalized  to  their  respective  base  metal  conditions.  Recent 
data  added  to  Figure  3-6  includes  the  various  processed  conditions  of 
Inconel  718  (Codes  67XX,  68XX  and  69XX)  and  the  comparison  of  the 
Inconel  706  Vacuum  Arc  Remelted  (VAR)  versus  the  Electroslag  Remelted 
(ESR)  materials  (Code  71XX/70XX).  The  most  significant  effect  of  the 
processing  operations  for  these  latest  additions  is  for  the  Inconel 
718  material  directly  aged  following  cold  working  which  demonstrates 
an  increase  of  about  20%  in  0.2  percent  yield  strength  and  12%  in 
ultimate  tensile  strength.  While  not  shown  in  Figure  3-6,  this  Code 
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69XX  material  experienced  only  a slight  decrease  (''^5%)  in  the  total 
elongation  valves  as  compared  to  the  Code  64XX  material.  There  was 
little  difference  between  the  tensile  properties  of  the  VAR  and  ESR 
Inconel  706  billet  materials. 

Figure  3-7  shows  the  effect  of  the  various  processing 
conditions  on  the  4K  fracture  toughness,  expressed  as  a ratio  of  fracture 
toughness,  normalized  with  respect  to  that  of  the  corresponding  base 
metal  conditions.  For  the  Inconel  706,  the  toughness  of  the  VIM-VAR 
material  at  4K  was  found  to  be  '^^10%  greater  than  that  of  the  VIM-ESR 
billet  material.  Fracture  toughness  data  for  the  various  processed 
conditions  of  Inconel  718  are  not  yet  available. 

3 . 5 Effects  of  Metals  Joining 

The  effects  of  various  metals  joining  processes  including 
both  brazements  and  fusion  weldments  on  the  yield  strength  and  ultimate 
tensile  strength  is  presented  in  Figures  3-8  and  3-9.  The  fracture 
locations  of  the  transverse  composite  weld  tensile  specimens  for  these 
various  alloys  are  indicated.  The  copper  brazed  joint  in  Inconel  X750 
(Code  38XX)  demonstrated  a yield  strength  level  equal  to  and  an  ultimate 
tensile  strength  level  below  that  of  the  solution  treated  X750  base 
metal.  Both  the  yield  and  ultimate  tensile  strength  of  the  silver  brazed 
copper  joint  (Code  13XX)  were  below  that  of  the  OFHC  base  metal.  Both 
brazed  joint  conditions  failed  at  the  braze  interface. 

Figure  3-10  presents  a graphical  comparison  of  the  fracture 
toughness  ratio  of  joints/base  metal  at  4K.  In  certain  cases  we  have 
observed  an  increase  in  the  fracture  toughness  of  the  weldment  over  the 
base  metal  level.  First  in  the  case  of  GTA  weldments  in  prior  cold- 
worked  Kromarc  58  stainless  steel  where  the  increased  toughness  was  a 
result  of  the  elimination  of  the  cold  working  (hardening).  Secondly, 
in  the  case  of  both  EB  and  GTA  weldments  in  various  pre-  and  post- 
welding heat  treatment  conditions  of  the  Inconel  X750  (MP-1 ) alloy. 

In  this  latter  case,  the  remarkable  increase  in  fracture  toughness  of 


the  weldments  over  the  base  metal  was  attributed  to  the  elimination  of 
a continuous  brittle  carbide  film  present  in  the  original  X750  base 
metal.  Otherwise,  the  fracture  toughness  values  at  4K  of  the  remaining 
weldments  and  of  the  copper  brazed  joint  in  Inconel  X750  were  below 
those  of  their  corresponding  base  metals. 

Fatigue  Crack  Growth  Rate  (FCGR)  data,  although  not 
graphically  summarized  in  this  section  (see  Section  6)  has  revealed 
the  following  interesting  patterns: 

• The  FCGR  in  Kromarc  58,  AISI  310S  and  A-286  stainless  steels 
and  Inconel  X750,  706,  718  and  LEA  nickel-base  si’peralloys 
is  significantly  greater  at  room  temperature  th^.n  at  77  or 


Kromarc  58  stainless  steel  has  the  same  FCGR  at  both  77  and 
4K  in  the  30%  cold  worked  condition  as  for  the  solution  treated 
and  quenched  condition.  AISI  310S  has  the  same  FCGR  at  both 
77  and  4K  in  the  sensitized  (STFC)  as  for  the  solution 
treated  and  quenched  condition.  Thus,  while  these  respective 
processing  conditions  do  have  a significant  effect  on  the 
fracture  toughness,  no  processing  effect  was  observed  on  the 
FCGR. 

The  various  heats  of  Inconel  X750  demonstrated  significant 
variations  in  FCGR  as  well  as  in  fracture  toughness  levels. 

The  lowest  FCGR  was  evidenced  by  the  MP-2  designated  heat 
(AAM-VAR)  and  the  highest  FCGR  was  shown  by  the  MP-1 
designated  heat  ('  ’•-VAR).  The  MP-1  heat  showed  no  apparent 
difference  in  FCGR  between  the  solution  treated  and  the  age 
hardened  conditions,  but  such  a difference  may  have  existed 
but  was  masked  by  the  presence  of  a brittle  carbide  film. 
Support  for  such  speculation  is  suggested  by  the  results  of 
a higher  FCGR  in  the  as-hipped  (ST)  MP-1  material  over  the 
HIP/STDA  treated  material. 


• For  the  remaining  nickel -based  superalloys,  all  in  the  age 
hardened  condition,  the  lowest  4K  FCGR  was  evidenced  by  the 
Inconel  706  (VIM-VAR)  followed  by  the  IN  706  (VIM-ESR), 
Inconel  718  and  finally  by  the  Inco  LEA  in  increasing  order. 

• Both  the  GTA  welds  in  Kromarc  58  and  the  SMA  welds  in  the 
AISI  310S  demonstrated  higher  FCGR  values  (above  a stress 
intensity  factor  of  '^^35  ksi/fn. ) than  their  corresponding 
base  metals. 

• Both  the  vacuum  electron  beam  and  the  GTA  weldments  in  the 
Inconel  X750  demonstrated  identical  fatigue  crack  growth 
rates  at  both  77  and  4K  regardless  of  the  pre-  or  post-weld 
heat  treatments  investigated.  The  FCGR  of  these  weldments 
was  also  identical  to  that  of  the  parent  base  metal  in  either 
the  ST  or  STDA  condition  at  77  and  4K. 


Reference  (Section  3) 

1.  Phase  IIB,  Program  for  the  Development  of  a Superconducting  Generator, 
U.S.A.F.  Contract  F33615-71-C-1591 . 
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Fig.  3-1- Summary  comparison  of  mechanical  strength  and  ductility 
values  for  copper  alloys  including  processing  and  fabricated  joints 
at  RT.  77 K,  and4  2K 
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ig.  3-2- Summary  comparison  of  mechanical  strength  and  ductility  values  for  AISI  310  S and  Kromarc  58 
tainless  steels  including  processing  and  welded  joints  at  RT,  77  K and  4. 2 k 
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3-6- Effect  0.  ;..ocessing  conditions  on  yield  strength  and  ultimate  tensile  strength  ratios 
)FHC  Cu.  310 S,  Kromarc  58,  IN  X 750,  Inconel  718  and  Inconel  706  at  RT,  77 K and  4. 2f 
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conditions  on  yield  strength  and  ultimate  tensile  strength  ratios  for 
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Fig.  3-10  Effect  of  metals  joining  conditions  on  fracture  toughness  ratio  for  310 S,  Kromarc  58  stainless  steel,  INX750,  IN 718  and  IN 706  at  4.2  K 
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4.0  WESTINGHOUSE  PROGRAM  DESCRIPTION 

Interest  in  the  engineering  application  of  superconducting 
field  windings  in  advanced  cryogenic  structures  and  devices  has  stimu- 
lated renewed  interest  in  the  mechanical  and  physical  behavior  of 
cryogenic  structural  support  materials.  Examples  of  such  advanced  cryo- 
genic application  areas  include  such  prototype  devices  as  superconducting 
motors  and  generators  and  large  superconducting  magnets  for  MHD  and 
Tokomak  and  Mirror  Type  fusion  power  devices.  The  prior  existing  data 
base  for  structural  materials  in  such  applications  was  assessed  as 
inadequate  for  material  selection  and  utilization  in  a high  reliability 
design. 

This  program  represents  the  active  participation  of  the 
Research  Laboratories  of  the  Westinghouse  Electric  Corporation  under 
Contract  CST-8304  in  a comprehensive  overall  program  for  cryogenic 
structural  materials  for  s.c.  machinery  ith.  itored  by  the  Cryogenics 
Division  of  the  National  Bureau  of  Standards.  The  overall  program  is 
sponsored  by  the  Advcinced  Research  Projects  Agency  (ARPA)  of  the 
Department  of  Defense.,  An  overall  outline  for  the  Westinghouse  portion 
of  the  ARPA-NBS  program  is  shown  schematically  in  Fig.  4™1 . The  principal 
personnel  involved  are  listed  in  Figs.  4-2  according  to  their  respective 
functional  program  responsibility  areas. 

A brief  summation  of  the  candidate  materials  evaluated,  the 
processing  considerations  and  the  metals  joining  considerations 
included  in  each  of  the  three  years  of  the  Westinghouse  Program  is 
presented  below. 


o 


4.1  FY  74  Program  Summation 

0 Candidate  Materials  Evaluated: 

OFHC  Copper 
AISI  310  S 
Kromarc  58 
Inconel  X750 

0 Processing  Considerations: 

Sensitization  (STFC)  in  AISI  310S 
Melting  Practice  and  Mill  Processing  in  IN  X750 
Hot  Isostatic  Pressed  IN  X750 
Cold  Working  in  Kromarc  58 

0 Metals  Joining  Considerations: 

Gas  Metal  Arc  Weldments  in  OFHC  Copper 
Silver  Brazements  in  OFHC  Copper 
Solder  joints  in  OFHC  Copper 
Shielded  Metal  Arc  Weldments  in  AISI  31  OS 
Gas  Tungsten  Arc  Weldments  in  Kromarc  58 
Electron  Beam  and  Gas  Tungsten  Arc  Weldments  in 

Inconel  X750  with  pre-  and  post-weld  heat  treatments. 

4.2  FY  75  Program  Summation 

0 Candidate  Materials  Evaluated; 

PD  135  Copper  Alloy 
Inco  Low  Expansion  Alloy 
Inconel  706 
Inconel  718 

0 Processing  Considerations: 

Melting  Practice  in  IN  706  (ESR  vs.  VAR) 

Comparison  of  Inconel  vs.  Udimet  718  Alloy 
Anisotropic  CW  texture  in  Kromarc  58 


0 


0 
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0 Metals  Joining  Considerations: 

Copper  Brazement  in  Inconel  X750 

Gas  Tungsten  Arc  Weldments  in  HIP  X750 

Gas  Tungsten  Arc  Weldments  in  INCO  LEA 

Gas  Tungsten  Arc  Weldments  in  IN  706 

Gas  Tungsten  Arc  Weldments  in  IN  718  (FZ  & HAZ) 

FY  76  Program  Summation 

0 Candidate  Materials  Evaluated: 

Pyromet  538  (21-6-9) 

A-286 

0 Processing  Considerations: 

Plate  fabrication  from  Pyromet  538  billet  stock 
Cold  working  and  recrystallization  in  IN  718 
Comparison  of  Armco  versus  Cameron  Iron  A-286  alloy 
Evaluation  of  predictive  expressions  for  martensite 
formation  in  austenitic  stainless  steels 

0 Metals  Joining  Considerations: 

Evaluation  of  predictive  expressions  for  delta  ferrite 
formation  in  austenitic  stainless  steel  weldments 
Gas  Tungsten  Arc  Weldments  in  Pyromet  538 
Shielded  Metal  Arc  Weldments  in  Pyromet  538 
Gas  Tungsten  Arc  Weldments  in  A-286 
Varestraint  weldability  testing  for  microfissuring 
(hot  cracking)  in  various  austenitic  stainless 
steel  and  nickel-base  superalloys. 


Liasori:  ARPA-NBS, 

Definition  of  Design  Characterization  of  Present  Major  Hardware 
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- structural  Materials  for  Cryogenic  Applications 


EVALUATION  OF  CRYOGENIC  STRUCTURAL  MATERIALS,  NBS  CONTRACT  8304 
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5.0  GENERAL  CRYOGENIC  STRUCTURAL  MATERIALS  SELECTION/ 
PROCESSING/FABRICATION  CONSIDERATIONS 

The  Westinghouse  portion  of  the  overall  ARPA/NBS  program 
entitled  Materials  Research  For  Superconducting  Machinery  is  concerned 
with  the  selection  and  evaluation  of  several  metal  alloys  in  various 
processed  and  fabricated  forms  as  cryogenic  structural  alloys.  A 
listing  of  the  more  promising  candidate  structural  alloys  for  advanced 
cryogenic  structural  applications  compiled  by  the  present  author  is 
included  as  Table  5-1.  Those  alloys  previously  investigated  in  the 
Westinghouse  program  for  FY  74  and  FY  75  are  identified  in  Table  5-1 
by  a single  and  a double  asterisk  respectively  and  have  been  documented 
in  Section  5 of  the  prior  reports  of  this  series  (1-4  ).  Those  additional 
alloys  included  in  the  present  FY  76  program  are  noted  by  a tripple 
asterisk  and  are  documented  herein  in  Table  5-  2 through  Table  5- 
The  material  and  test  specimen  identification  (Coding)  system  employed 
throughout  this  entire  program  is  presented  in  Table  5-  6 . 

5 . 1  Materials  Selection  Considerations 

5.1.1  Microstructural  Stability  in  Austenitic  Stainless  Alloys 

Among  the  general  criteria  for  selection  and  utilization  of 
structural  materials  for  advanced  cryogenic  applications  is  the  desir- 
ability that  a candidate  alloy  be  resistant  to  microstructural  and 
attendant  magnetic  transformations.  Microstructural  transformations  can 
be  mechanically  deleterious  by  introducing:  (a)  weak  or  low  fracture 
toughness  phases,  (b)  ret  volume  changes  and/or  dimensional  distortions 

and  (c)^ localized  yet  appreciable  residual  stress  levels.  Structural 

/ 

transformations  can  also  result  in  significant  ferromagnetic  behavior 
in  previously  paramagnetic  materials. 


Microstructural  transformations  will  often  be  accompanied 
by  attendant  irreversible  magnetic  transformations  due  to  the  intrinsic 
differences  in  various  microstructural  phases  (e.g.  austenite  in  stain- 
less steel  is  basically  paramagnetic  but  delta  ferrite  and  a'  martensite 
are  ferromagnetic).  However,  magnetic  transformations  can  also  occur 
reversibly  in  the  absence  of  a microstructural  transformation.  For 
example,  Inconel  718,  while  remaining  fully  austenitic,  demonstrates  a 
paramagnetic  to  ferromagnetic  transition  at  a Curie  temperature  of 
< 77K  for  the  solution  treated  and  < 160K  for  age-hardened  conditions, 
respectively  (5  ).  Also,  310(S)  was  reported  earlier  in  this 
program  ( 2 ) to  demonstrate  weak  ferromagnetic  behavior  at  4K  while 
remaining  fully  austenitic. 

Austenitic  stainless  steels  have  been  and  will  continue  to 
be,  considered  as  prime  candidate  materials  for  advanced  cryogenic 
structural  applications,  primarily  because  of  the  following  general 
characteristics: 

• Low  ferromagnetic  behavior  (basically  paramagnetic  or 
anti  ferromagnetic). 

• Absence  of  a sharp  ductile-to-brittle  transition  behavior*. 

• Relatively  high  fracture  toughness  at  cryogenic  temperatures. 

• Relatively  low  thermal  conductivity 

• Generally  acceptable  formability,  machability  and 
weldability. 

• Generally  good  commercial  availability  at  reasonable  cost. 

While  austenitic  stainless  steels  are  generally  considered  to 
be  fully  austenitic  and  "non-magnetic"  (paramagnetic),  it  is  (or  should 
be), nevertheless, quite  well  known  that  many  austenitic  stainless  steels 
are  actually  neither  fully  austenitic  nor  fully  paramagnetic , especially 
in  the  welded  and/or  cold  worked  condition  and  exposed  to  cryogenic 


* Ductile-to-Bri ttle  transformations  in  austenitic  Cr-Mn-N  steels 
with  little  or  no  nickel  content  have  been  reported,  hov^ever  (6  ). 
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temperatures.  In  many  advanced  cryogenic  structural  applications  such 
as  superconducting  motors  and  generators  and  large  superconducting 
magnets  for  fusion  or  MHD  power  generation  devices,  the  presence  of 
non-austenitic  microstructural  phases  and  ferromagnetic  behavior  may  te 
neither  desirable  nor  tolerable.  Consequently,  it  is  useful  to  briefly 
review  and  to  further  describe  the  nature  and  magnitude  of  such  depar- 
tures from  fully  austenitic  and  fully  paramagnetic  behavior,  especially 
in  those  specific  alloys  of  interest  to  designers  of  advanced  cryogenic 
structural  devices. 

Three  microstructural  phases  (other  than  austenite)  which  may 
occur  in  austenitic  stainless  steels  and  be  a cause  of  concern  are 
delta  (6)  ferrite,  epsilon  (e)  martensii^  and  alpha  prime  (a‘)  martensite. 
Two  of  these  phases,  namely  the  6 -ferrite  and  the  a'  martensite,  have 
the  body  centered  cubic  crystal  structure  and  are  ferromagnetic. 

Analytical  means  are  available  to  predict  the  presence  and  to  approxi- 
mate the  amount  of  the  6 -ferrite  and  a* -martensite  phases  and  arc 
discussed  in  the  following  two  sections. 

5.1.2  Martensite  in  Austenitic  Stainless  Alloys 

Martensite  is  a metastable  (not  a true  equilibrium)  diffusion- 
less decomposition  product  of  the  face  centered  cubic  solid  solution 
austeni*-e  phase  in  rapidly  cooled  iron-based  alloys.  The  occurrence 
of  martensite  is  generally  surpressed  in  austenitic  stainless  steels 
at  room  temperature  and  above  by  the  presence  of  significant  amounts  of 
austenite  stabilizing  elements  such  as  nickel,  manganese  and  nitrogen. 
However,  martensite  can  and  does  form  in  many  plastically  deformed 
austenitic  stainless  steels  at  or  below  a temperature  designated  as  (M^) 
or,  in  some  cases  when  the  undeformed  austenitic  structure  is  cooled 
to  a sufficiently  low  temperature  (M^),  (see  References  6-18). 

The  presence  of  martensite  in  an  otherwise  austinitic  alloy 
introduces  both  residual  stresses  associated  with  a volume  expansion  and 
ferromagnetic  behavior,  which  should  be  considered  in  the  design  of 
advanced  cryogenic  structures.  While  verification  test  results  of  the 


cryogenic  structural  and  magnetic  properties  of  available  specific 
alloy  compositions  are  often  not  known  during  the  initial  materials 
selection  and  conceptual  design  period,  predictive  equations  are 
available  to  assess  the  stability  of  stainless  alloys. 

Expressions  for  the  temperature(s)  at  which  martensite  could 
form  with  and  without  deformation  assistance  (M^  and  respectively) 
in  austenitic  stainless  steels  were  established  by  Hull  ( 7 ).  These 
equations  express  the  and  temperature  as  a function  of  the  alloy 
composition  and  are  presented  below: 


(°F)  = 2520  - 106  (Ni  + Ni  equiv.  for  M^) 


(°F)  = 2700  - 106  (Ni  + Ni  equiv.  for  M^) 


(1) 

(?) 


Basically,  Hull  found  that  all  elements  lowered  the  and 
temperatures  but  that  the  effectiveness  (nickel  equivalency)  of  many 
elements  was  approximately  only  half  as  large  in  reducing  the  as 
compared  to  the  temperature.  The  main  ramification  of  this  signifi- 
cant difference  in  the  nickel  equivalency  of  a given  element  on  vs 
is  a considerable  (and  sometimes  unappreciated)  elevation  of  the 
temperature.  The  relative  effectiveness  of  various  elements  on  lowering 
both  the  and  were  presented  in  Table  6 of  Hull's  paper  ( 7 )• 

The  present  author  has  simply  translated  these  data  to  nickel  equivalents 
by  normalizing  with  respect  to  the  effect  of  nickd  alone  (i.e.  numerical 
division  by  106  for  both  and  M^).  The  resulting  functional  equations 
thus  achieved  are: 


Mj  (°F)  = 2520  - 106  (Ni  + 0.40Cr  + 0.69Mn  + 0.41Mo  + 0.34Si 
+ 1.07V  0.78Ti  + 0.91A1  + 13. 2C  + 5.38N  + l.llCb 

+ 1.09Ta  + 1.14CU  + 0.22Co) 


(3) 


Mg  (°F)  = 2700  - 106  (Ni  + 0.80Cr  + 0.92Mn  + 0.94Mo  + 0.63Si 
+ 2.17V  + 3.07Ti  + 5.21A1  + 40. 6C  + 54. 7N  + 0.86Cb 
+ 1.28Ta  + 1 .44Cu  + 0.23Co) 


(4) 
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Where  the  and  temperatures  are  given  directly  in  degrees  Fahrenheit 
and  all  elements  are  given  in  weight  p'ercent. 

Several  austenitic  stainless  steel  alloys  of  interest  to  this 
program  have  been  examined  with  respect  to  the  structural  stability 
predictions  of  the  above  equations.  The  results  of  these  calculations 
are  presented  in  Table  5-  7 (actual  heat  compositions)  and  Table  5-8 
( specification  composition  ranges).  Certain  significant  points  which 
are  demonstrated  by  these  calculations  are  as  follows: 

• For  the  six  specific  alloy  heat  compositions  shown  in  Table  5-  7 , 
all  have  a calculated  well  below  that  of  absolute  zero  and 
hence  are  predicted  as  being  fully  stable  (i.e.  martensite  will 

not  form)  in  the  unstrained  condition  to  4K.  Note  that  while 
the  value  of  the  calculated  temperature  is  below  absolute 
zero  and  hence  represents  an  imrnaginary  temperature,  the  magni- 
tude of  the  negative  value  provides  a further  indication  of 
the  relative  stability  of  these  alloys.  Thus  the  Kromarc  58 
alloy  indicates  the  greatest  unstrained  stability  (M^  ^-1600K), 
followed  by  the  Nitronic  33,  A-286,  Pyromet  538  (21-6-9),  AIST 
310S  and  lastly, by  the  AISI  305  stainless  (M^  -121K). 

• For  these  same  six  specific  alloy  compositions,  a considerable 
difference  exists  in  the  calculated  values.  The  three  highest 
nickel  (and  nickel  equivalent)  content  alloys  (K-58,  A-286  an--, 

310(S))  have  a calculated  <<  0 K and  hence  are  predictei 

be  fully  structurally  stable  in  the  strained  condir-,  at  4 K. 

However,  the  remaining  three  lower  nickel  content  oys 

(Pyromet  538,  Nitronic  33  and  AISI  305)  have  a calculated  M . » 0 K 

d 

and  therefore  are  predicted  to  be  structurally  unstable  (i.e.  mar- 
tensite will  form)  in  the  strained  condition  at  temperature  well 
above  4 K. 

• Limited  data  available  on  these  specific  composition  alloys  is 
available  against  which  to  compare  the  above  predictions.  Magnetic 
and/or  metal lographic  examination  ( 1 - 4 ) of  the  Kromarc  58, 

A-286  and  the  AISI  310(S)  materials  indicates  the  absence  of 


t 
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martensite  in  both  strained  and  unstrained  material  (tensile 
specimens)  at  4 K,  and  thus  indicates  that  botfi  the  and  the 
temperatures  for  these  samples  are  <<  4 K.  Magnetic  measurements  ( 4 ) 

on  unstrained  Pyromet  538  (21-6-9),  and  Nitron ic  33  at  4 K indicate 
both  these  base  metal  stainless  alloys  to  be  anti  ferromagnetic  and  thus 
to  have  an  <<  4 K.  However,  for  strained  material,  martensite  and 
ferromagnetism  have  been  observed  in  Pyromet  538  at  77  and  4 K by 
Tobler  and  Reed  ( Wells  and  Kossowsky  ( 20  ) have  observed 

apparent  martensite  and  ferromagnetism  in  Nitronic  33  weldments 
strained  at  RT  (See  Section  7,  Fig.  7-  22  ).  Thus  for  the  latter 
two  materials,  the  limited  observations  to  date  suggest  that  their 
respective  temperatures  are  >>  4 K. 

While  the  preceeding  discussion  has  involved  specific  alloy 
heat  compositions,  it  is  of  further  interest  to  examine  the  austenitic 
phase  stability  (i.e.  tendency  for  y M transformation)  over  the  commer- 
cially accepted  composition  ranges  for  these  and  other  austenitic  iron 
base  alloys.  Table  5-  8 indicates  the  composition  ranges  for  a dozen 
such  alloys  and  lists  the  associated  ranges  of  nickel  equivalents  and 
instability  temperature  for  the  M^  (strained)  and  (unstrained)  con- 
ditions respectively.  Figure  5-  1 presents  this  same  data  in  graphical 
form.  While  the  absolute  value  of  predicted  M^  and  temperatures  may  be 
in  significant  error  (Hull  claimed  standard  errors  for  the  basic  and 
M^  expressions  of  69F  (124  K)  and  88F  (158  K)  respectively),  such  calcu- 
lated values  shown  provide  a reasonable  esti-iate  of  actual  and 
temperatures  and  indicate  the  following  significant  observations: 

• An  appreciable  temperature  range  is  indicated  for  the  micro- 
structural  instability  (y  -*■  M)  t'-mperature  in  austenitic  stain- 
less steel  for  both  strained  (M  ) and  unstrained  (M  ) conditions. 

u S 

This  temperature  range  corresponds  to  the  range  of  calculated 
nickel  equivalence  which  depends  directly  on  the  allowable 
compositional  range  in  any  given  stainless  steel. 
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• Austenitic  stainless  steels  considered  for  cryogenic  structural 
applications  may  be  grouped  into  three  basic  classes  as  follows: 

Class  A - Alloys  which  are  structrually  stable  with  respect  to 
both  and  (i.e.,  and  <<  0 K).  Such  alloys 
include  Kromarc  58,  A-286,  Incoloy  800  and  AISI  310(S). 

Class  B - Alloys  which  are  structurally  stable  with  respect  to 

but  unstable  with  respp''  .o  (i.e.,  <<  0 K <<  M^). 

Such  alloys  include  Nitroi  0 (21-6-9),  Nitronic  33  and 
AISI  309(S). 

Class  C - Alloys  which  are  structurally  unstable  with  respect  to 

(i.e.,  >>  0 K)  and  may  be  either  structurally  stable 

or  unstable  with  respect  to  depending  on  the  exact 
alloy  composition.  Such  alloys  include  AISI  304,  305, 

316  and  321. 

• An  estimation  of  structural  stability  for  any  austenitic  stainless 
steel  alloy  of  known  composition  can  be  made  by  simply  calculating 
the  total  nickel  equivalency  factors  (Ni  + Ni  equiv.)  as  given  by 
Eqs.  (4)  and  (5)  above.  The  alloy  is  likely  to  be  structurally 
stable  with  respect  to  if  its  respective  total  nickel  equivalency 
factor  is  > 28.1.  The  alloy  is  likely  to  be  structurally  stable 
with  re-pect  to  if  its  respective  total  nickel  equivalency  factor 
is  > 29.8.  Note  that  separate  nickel  equivalency  equations  are 
employed  with  respect  to  and 

• Additional  data  is  available  in  the  open  literature  (8-17  ) which 
can  be  reviewed  in  terms  of  the  above  considerations  although  only 

a limited  attempt  will  be  made  herein  to  demonstrate  the  relevancy 
of  these  predictive  equations.  First  with  respect  to  unstrained  (M^) 
instability,  Reed  and  Mike^ell  ( 11  ) reported  instability  in 
both  303  and  304  alloys  when  soaked  at  195,  76  and  20  \.  The  nickel 
equivalency  calculated  by  the  present  author  for  the  304  alloy  which 
Reed  and  Mikesell  employed  is  equal  to  29.8.  The  corresponding 
estimate  for  of  -459°F  suggest  marginal  stability  with  respect 
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to  Mg,  whereas  the  actual  304  composition  proved  to  be  definitely 
unstable.  Nachtigal  ( 17  ) reported  no  observation  of  martensite 

in  unstrained  304  cooled  to  liquid  helium.  A calculated  nickel 
equivalency  of  27.4  (M^  -204°F)  suggests  that  this  unstrained 

304  alloy  should  be  unstable  at  4 K.  Nachtigal  did  not,  however, 
report  a nitrogen  content  for  this  alloy.  A nitrogen  content  of 
only  0.043  weight  percent  would  reduce  the  of  the  alloy  by 
250°F  and  could  thus  render  the  alloy  stable  (M^  < -452°F)  to 
martensite  formation  in  the  unstrained  condition.  Larbalestier 
and  King  ( 14  ) have  also  reported  the  presence  of  approximately 

5%  a'  martensite  (M^  instability)  on  cooling  to  4.2  K of  a British 
steel  equivalent  to  AISI  321,  which  is  consistant  with  the 
instability  region  for  the  321  alloy  composition  range  shown  in 
Fig.  5-  of  this  present  report. 

Stress  induced  martensitic  transformation  (M^)  examples  reported 
in  the  literature  are  also  consistant  with  the  calculated 
instability  regions  shown  in  Fig.  5-  1 . Reed  and  Guntner(12,  13) 

have  reported  a'  martensite  formed  in  304  stainless  strained  at 
300,  76  and  4 K.  Larbalestier  and  King  ( 14  ) reported 

instability  at  4 K in  tensile  specimens  of  several  alloys  including 
304L,  304N,  309,  316L  and  316N  but  no  such  instability  in  310 
and  Kromarc  55  alloys.  Tobler  and  Reed  have  found  an  in  stability 
in  Pyromet  538  (21-6-9)  at  76  and  4 K.  All  of  which  findings  are 
entirely  consistant  with  the  predictions  of  the  instability 
ranges  prediction  herein  in  Table  5-  8 and  Fig.  5-  1 

5.1.3  Delta  Ferrite  Formation  in  Austenitic  Stainless  Steel 

Delta  ferrite  ( 6 ) is  a body  centered  cubic  metastable  solid 
solution  phase,  found  in  otherwise  face  centered  cubic  austenitic  stain- 
less steels,  which  basically  forms  on  cooling  as  small  irregular  shaped  i 

dendritic  "stringers"  in  both  weldments  and  castings.  Several  recent 
references  (7,21-32)  are  available  in  the  open  literautre  on  the  subject 
of  delta  ferrite  in  stainless  steel  weldments.  Delta  ferrite  is  widely  •, 

accepted  as  being  advantageous  in  improving  the  hot  cracking  (microfissuring)  | 


resistance  of  weldments  in  austenitic  stainless  steels.  However,  as 
DeLong  ( 27  ) has  pointed  out,  the  impact  toughness  at  77  K of 

ferrite  containing  austenitic  weldments  decreases  appreciably  as  the 
ferrite  content  of  the  weld  metal  increases.  Moreover,  delta  ferrite  is 
also  ferromagnetic  and  thus  the  magnetic  permeability  of  a stainless 
steel  weldment  increases  with  increasing  ferrite  content.  Thus,  high 
ferrite  containing  weldments  may  not  be  suitable  for  many  cryogenic 
applications. 

Ferrite  levels  are  now  conventionally  expressed  in  terms  of 
arbitrary  ferrite  numbers  (FN's)  instead  of  the  earlier  terminology  of 
percent  oy  volume  of  ferrite.  A numerical  conversion  table  between 
percent  ferrite  and  the  new  FN  system  has  been  presented  by  Long  and 
DeLong  ( 26  )•  There  is  a direct  conversion  to  the  FN  system  by 

Long  and  DeLong  for  ferrite  levels  up  to  6.0  percent,  beyond  which  the 
respective  FN  becomes  increasingly  larger  than  its  corresponding  ferrite 
volume  percentage.  The  determination  of  ferrite  level  can  be  accomplished 
by  four  practical  techniques,  namely: 

1.  Quantitative  metallographic  measurement  ( 29  ). 

2.  Magnetic  Permeability  measurement  ( 21,33). 

3.  Direct  Measurement  by  a Magnetic  Ferrite  Instrument  such 
as  the  Severn-Gage  or  the  Magne-Gage  (24,26,27). 

4.  A computational  technique  based  upon  calculation  of  nickel 

and  chromium  equivalent  values  from  a known  weldment  chemical 
analysis.  The  FN  corresponding  to  such  calculated  equivalents 
is  determined  from  a revision  of  the  Shaeffler  constition 
diagram  for  stainless  steel  weld  metal  such  as  developed  by 
DeLong  ( 26  ) and  further  modified  by  Hull  ( 7 ). 

It  should  be  specifically  noted,  however,  that  DeLong's 
formulae  (26,  27  ) for  nickel  equivalents  (effective  austenitizers)  and 
chromium  equivalents  (effective  ferritizers)  used  in  combination  with 
the  revised  DeLong  diagram  predict  a FN  which  is  applicable  to  standard 
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AISI  300  series  stainless  steels  (including  nitrogen  grades),  but  is  not 
appropriate  for  use  with  high  manganese  containing  austenitic  stainless 
steels  such  as  Kromarc  58  (15Cr-22Ni-9Mn),  Nitronic  33  (18Cr-3Ni-13Mn) , 
Nitronic  40  (21Cr-6Ni-9Mn)  or  Nitronic  50  (22Cr-13Ni-5Mn)  or  with  age 
hardenable  stainless  alloys  such  as  A-286  (15Cr-25Ni-2Ti-0.3Al ) . A more 
appropriate  approach  to  predicting  FN's  for  such  high  manganese 
(i.e.  Mn  > 2.0  wt.  percent)  containing  stainless  steels  is  to  calculate  the 
nickel  and  chromium  equivalents  according  to  the  formulae  derived  by 
Hull  ( 7 ) and  then  to  use  such  equivalent  values  with  the  Hull  revision 
of  the  Schaeffler  diagram.  Calculated  values  of  FN  by  using  both  the  Hull 
and  the  DeLong  method  are  presented  in  Table  5-  9 for  the  limited  high 
manganese  stainless  steel  weld  data  available.  When  these  calculated  FN 
values  are  compared  against  the  actually  measured  FN  values,  it  becomes 
readily  obvious  that  the  DeLong  diagram  drastically  underestimates  the 
actual  ferrite  level  of  weldments  in  such  high  manganese  materials. 

A further  more  recent  refinement  of  the  Hull  approach  is  an 
expression  which  allows  the  direct  numerical  estimation  of  the  ferrite 
number  without  resorting  to  a graphical  plotting  procedure.  Such  a 
predictive  expression  for  the  direct  calculation  of  the  average  FN 
(based  upon  the  average  weldment  chemical  composition)  was  developed 
recently  by  Dr.  E.  W.  Johnson  at  the  Westinghouse  Research  Laboratory 
and  is  as  follows: 

FN  = -13.8  - 3.12Ni*+  2.88Cr*  (5) 

Ni*=  Ni  + O.llMn  - 0.0086Mn^  + 0.41Co  + 0.44Cu  (6) 

+ 18. 4N  + 24. 5C 

Cr*=  Cr  + 1.21  Mo  _+  n,.48Si  + 2.27V  + 0.72W  + 2.20Ti  (7) 

+ 0.14Cb  + 0.21Ta  + 2.48A1 

Note:  All  elements  are  expressed  in  weight  percent. 


where 


and 
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A calculation  of  the  FN's  for  the  same  weldments  included 
Table  5-  9 is  included  in  Table  5-10  and  compared  to  the  FN's  obtained 
graphically  from  the  Hull  Diagram  and  the  actually  measured  FN's  obtained 
via  Magne-Gage  measurements  by  Wells  and  Hagadorn  (20  ) for  Nitronic  33 
weldments  and  by  Brooks  ( 34  ) for  Nitronic  40  weldments.  As  expected, 
the  calculated  FN's  agree  quite  closely  with  those  interpolated  from 
the  Hull  Diagram,  (See  Fig.  5-  2 ).  More  importantly,  these  FN  values 
both  agree  very  well  with  the  measured  FN  values  of  Wells  and  Hagadorn 
and  moderately  well  with  the  measured  FN  values  of  Brooks.  Although  only 
speculation  on  the  present  author's  part  at  present,  it  is  possible  that 
the  better  agreement  of  the  W&H  data  may  be  due  in  part  to  the  fact  that 
the  W&H  FN  measurements  were  made  on  actual  weldments  with  a ferrite 
level  S5  whereas  Brook's  FN  measurements  were  made  on  autogeneous  weld- 
ment (spot-varestraint)  samples  of  FN  up  to  13.5.  Additional  FN  measure- 
ments in  actual  weldments  with  high  manganese  stainless  steels  would  be 
highly  desirable  to  further  evaluate  the  accuracy  of  the  Hull  method  of 
FN  prediction.  Nevertheless,  the  Hull  method  is  obviously  preferable 
to  the  DeLong  Method  and  provides  a reasonably  accurate  method  of  pre- 
dicting the  presence  and  extent  of  ferromagnetic  delta  ferrite  formation 
in  high  manganese  stainless  steel  weldments. 

5.2  Materials  Processing  Considerations 

5.2.1  Cold  Working  and  Heat  Treatment  of  Inconel  718 

Prior  evaluation  of  the  Inconel  718  alloy  employed  in  this 
program  revealed  a relatively  low  ductility  behavior  for  this  material (3,4 
The  cause  of  such  low  ductility  behavior  has  been  attributed  to  a pro- 
nounced contiguous  grain  boundary  metal  carbide  network  which  formed 
during  the  original  mill  processing  of  the  forging  billet  stock  and 
was  not  removed  by  the  standard  1800°F  (982°C)  solution  treatment 
employed  in  this  program  with  sample  codes  64XX,  65XX  and  66XX.  A later 
test  series  of  Inconel  718  samples  were  subjected  to  an  initial  solution 
treatment  of  1950°F  (1066°C),  followed  by  cold  working  to  approximately 


38%  reduction  in  thickness  without  any  intermediate  heat  treatment  and 
then  resolution  treated  at  .arious  secondary  solution  treatment 
temperatures  from  1650°F  (900°C)  to  1950°F  (1066°C).  Photomicrographs, 
ASTM  grain  size  measurements  and  hardness  test  data  for  these  samples 
was  presented  in  the  previous  Westinghouse  Report  ( 4 ) as  Fig.  5-4 

and  a discussion  of  the  results  was  included  in  Section  5.2.2. 

Based  upon  the  results  of  these  earlier  tests,  three  processed 
conditions  were  selected  for  futher  evaluation  of  the  Inconel  718  alloy, 
namely: 

0 Code  67XX  Initial  solution  treatment  at  1950°F  (1066°C) 

Cold  Worked  40% 

Secondary  Solution  Treatment  at  1800°F  (982°C) 

Double  Aged  at  1325°F  (718°C)/1 1 50°F  (620°C) 

0 Code  68XX  Initial  solution  treatment  at  1950°F  (1066°C) 

Cold  Worked  40% 

Secondary  Soltuion  Treatment  at  1950°F  (1066°C) 

Double  Aged  at  1325°F  (718°C)/1150°F  (620°C) 

0 Code  69XX  Initial  solution  treatment  at  1950°F  (1066°C) 

Cold  Worked  40% 

No  Secondary  Solution  Treatment 

Double  Aged  at  1325°F  (718°C)/1 1 50°F  (620°C) 

Photomicrographs  representative  of  the  resulting  microstructures 
are  shown  for  these  three  processed  conditions  in  Fig.  5-  3.  Rockwell 

hardness  measurements  and  ASTM  grain  size  (average)  numbers  are  listed 
in  Table  5-  5 . Little  difference  was  observed  in  the  hardness  values 

between  Code  67XX  and  68XX  although  a significant  difference  in  ASTM 
grain  size  numbers  is  apparent,  8.0  vs  2.9  respectively.  Code  69XX 
material  which  was  directly  aged  following  cold  working  demonstrated 
the  largest  hardness  value  (Rc  44)  and  an  intermediate  grain  size 
ASTM  No.  5.6).  No  recrystallization  is  observed  in  the  Code  69XX 
material  which  was  directly  aged  following  cold  working. 
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While  the  effect  of  grain  size  alone  on  the  mechanical  and 
fracture  mechanics  properties  of  718  is  desirable,  such  information  cannot 
be  isolated  from  the  present  material  property  evaluations  because  of 
further  microstructural  differences  other  than  solely  grain  size.  For 
a detailed  description  of  such  microstructural  differences  between  these 
three  differently  processed  conditions  of  Inconel  718,  the  reader  is 
referred  to  Section  7 of  this  report.  Both  notched  and  unnotched  tensile 
data  have  been  determined  for  these  three  conditions  and  are  presented 
in  Section  6 of  this  report.  Fracture  mechanics  evaluations  on  these 
processed  conditions  were  not  completed  in  time  for  inclusion  in  this 
report  and  will  be  presented  in  the  next  report  of  this  series. 

5.2.2  Processing  of  Pyromet  538  (21Cr-6Ni-9Mn)  Billet  to  Plate 

A high  manganese  austenitic  stainless  steel  identified  by 
trade  name  as  Pyromet  538  (Carpenter  Technology  designation)  and  generically 
as  21-6-9,  was  introduced  into  the  ARPA/NBS  FY  75  program  by  NBS  (19  ). 

Since  weldments  as  well  as  base  metal  property  evaluations  in  this 
material  are  necessary  for  effective  cryogenic  utilization,  this  material 
has  been  included  in  the  Westinghouse  FY  76  program. 

The  material  employed  for  the  base  metal  evaluation  by  NBS 
was  received  in  the  form  of  solution  treated  and  water  quenched  (ST 
at  2000°F  and  WQ)  plate  measuring  approximately  20'  x 20"  x 1.4" 

(50  cm  X 50  xm  X 3.6  cm).  This  material  was  provided  by  Dr.  P.  R.  Landon 
of  the  Lawrence  Livermore  Laboratory.  The  original  billet  material 
(Car-Tech  Ht.  No.  89087)  had  been  hot  cross  rolled  to  plate  at  the  Oak 
Ridge  National  Laboratory  according  to  the  processing  schedule  reported 
by  Tobler  and  Reed  ( 19  ).  It  was  the  intention  of  the  present  pro- 

gram to  use  the  same  plate  material  for  the  21-6-9  weldments  as  had 
been  evaluated  as  base  metal  by  NBS.  Unfortunately,  similar  plate 
material  was  not  available  for  the  weldment  studies.  However,  portions 
of  the  original  billet  material  were  available  and  were  requested  and 
received  from  Dr.  Landon  at  LLL.  This  material  consisted  of  forging 
billet  sections  measuring  approximately  12  inches  (30.5  cm)  square  by 
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4 inches  (10  cm)  thick.  The  reported  chemical  composition  of  the  billet 
material  is  as  shown  in  Table  5-  2 . Hardness  and  ASTM  average  grain 
size  number  measurements  of  the  as-received  billet  material  were 
R|^  84  and  ASTM  No.  3.5,  respectively. 

Plate  material  measuring  approximately  3/4"  t (1.9  cm)  x 4"  w 
(10  cm)  X 80"  SL  (203  cm)  was  formed  by  forging  and  subsequent  hot 
rolling  (unidirectional ly)  of  original  billet  sections  measuring  approxi- 
mately 4"  (10  cm)  X 4"  (10  cm)  x 12"  (30.5  cm).  The  original  billet 
section  soaking  temperature  was  2000° F (1093°C)  with  four  intermediate 
reheating  cycles  to  the  same  temperature  employed  while  forging  the 
billet  sections  into  sheet  bar  measuring  approximately  1-3/8"  (3.5  cm) 

X 4"  (10  cm)  X L.  These  sections  were  again  reheated  to  2000°F  and 
hot  rolled  to  final  thickness  of  3/4"  (1.9  cii.)  in  four  flat  and  one 
edge  pass.  The  reduction  of  the  billet  sections  to  plate  was  performed 
by  Braeburn  Alloy  Steel  Co.  Subsequent  final  heat  treatment  consisting 
of  a 2000°F  (1093°C)  solution  treatment  and  water  quenching  was  per- 
formed at  the  Westinghouse  Research  Laboratory.  A hardness  comparison 
of  this  latter  WRL  3/4"  thick  (1.9  cm)  plate  in  the  STQ  condition  with 
the  1.4"  (3.6  cm)  plate  (also  STQ)  employed  by  NBS  revealed  a slight 
hardness  difference  (Rg  89  vs.  Rg84  respectively),  ASTM  grain  size 
measurements  revealed  no  significant  differences  (ASTM  No.  4.3  vs  4.5 
respectively).  Photomicrographs  showing  the  respective  microstructures 
of  the  original  billet  stock,  the  NBS  plate  and  the  WRL  plate  are 
shown  in  Fig.  5-  4 . No  apparently  significant  differences  between 
the  WRL  and  the  NBS  plate  materials  were  observed. 
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5.3  Materials  Joining  Considerations 

5.3.1  Current  FY  76  Program  Weldments 

Metals  Joining  activities  in  the  FY  76  program  effort  were 
concentrated  on  weldment  property  evaluation  in  two  materials,  namely, 

Pyromet  538,  a 21Cr-6Ni-9Mn  stainless  steel  and  on  Armco  A-286,  a pre- 
cipitation hardening  stainless  steel.  A literature  review  revealed 
several  prior  reference  publications  concerned  with  base  metal  properties 
of  the  21-6-9  type  alloy  ( 35-41  ) and  the  A-286  alloy  (42  - 47  ). 

Literature  references  addressing  aspects  of  weldability  and  weldment 
property  evaluation  v«re  considerably  less  available  for  the  21-6-9  type 
alloy  (48  - 50)  and  for  the  A-286  alloy  (5I  - 55).  In  general,  little, 
if  any,  reliable  information  exists  concerning  the  cryogenic  mechanical 
and  fracture  mechanics  behavior  of  weldments  in  these  materials.  Consequently, 
weldments  in  the  current  Westinghouse  FY  76  program  consisted  of  gas 
tungsten  arc  (GTA)  and  shielded  metal  arc  (SMA)  weldments  in  Pyromet  538 
(21-6-9)  stainless  steel  and  GTA  weldments  in  A-286  stainless  steel. 
Photographs  showing  these  weldments  are  included  in  Fig.  5-  5 

5. 3. 1.1  SMA  Weldments  in  Pyromet  538 

Unrestrained  butt  weldments  were  made  by  the  manual  shielded 
metal  arc  welding  process  in  Pyromet  538  (21-6-9)  material.  Two  weld- 
ments measuring  approximately  11/16"  thick  (1.75  cm)  x 3-5/8"  w (9.2  cm) 

X 16"  z (40.6  cm)  and  identified  as  weld  plates  HR-IA  and  IB  we-e 
fabricated  according  to  the  welding  process  conditions  listed  i,i 
Table  5-  11  for  material  Code  94XX.  The  weld  plate  material  employed 
was  the  3/4"  thick  (1.9  cm)  Pyromet  538  plate  in  the  STQ  condition 
discussed  in  Section  5.2.2  above.  The  filler  metal  employed  was  a 
coated  Inconel  182  electrode  of  highly  dissimilar  chemical  composition 
(See  Table  5-  2 ) with  respect  to  the  base  metal.  This  SMA  electrode 
has  reportedly  ( 56  ) been  successfully  employed  in  SMA  welding  21-6-9 

stainless  steel  components  at  LLL. 

Radiographs  of  both  weldments  revealed  no  significant  defect 
indications.  A microhardness  survey  taken  both  through  the  thickness 
and  across  a transverse  section  of  SMA  weld  HR-IB  is  shown  in  Fig.  5-  6 
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An  anomalous  dark  etching  band  along  the  entire  "Z-HAZ  interface  is 
observed  in  photomicrographs  (F)  and  (G)  of  this  figure.  Further 
examination  of  this  anomalous  FZ-HAZ  band  by  optical  and  scanning 
electron  microscopy  reveals  that  this  band  consists  of  a thin  band 
of  microporosity  in  the  Pyromet  538  HAZ,  as  shown  in  Fig.  5-  7. 

Although  further  investigation  of  this  structural  anomally  is  continuing, 
the  present  author  speculates  that  the  microposisity  is  perhaps  due  to 
nitrogen  bubbles  formed  from  the  melted  Pyromet  538  base  metal  immediately 
adjacent  to  the  original  weld  plate  surface  preparations. 

Ferrite  measurements  via  the  Magne-Gage  revealed  a Ferrite 
Number  for  both  these  SMA  weldments  of  Zero,  i.e.  FN=0,  as  expected 
with  the  extremely  high  (>  60%)  nickel  content  of  the  Inconel  182 
covered  electrode.  Microstructural  examination  of  the  SMA  weld  fusion 
zone  revealed  no  evidence  of  delta  ferrite  as  well. 

5. 3. 1.2  GTA  Weldments  in  Pryomet  538 

Two  unrestrained  butt  weldments  were  also  made  by  the  manual 
gas  tungsten  arc  (GTA)  welding  process  in  Pyromet  538  (21-6-9)  material. 
These  two  weldments,  measuring  approximately  1-1/16"  thick  (1.75  cm) 

X 3-5/8"  w (9.2  cm)  x 16"  i (40.6  cm)  and  identified  as  weld  plates 
HR-'IC  and  HR-ID,  were  fabricated  according  to  the  welding  process 
conditions  listed  in  Table  5-  11  for  material  Cod3  93XX.  The  weld 
plate  material  employed  for  these  GTA  weldments  was  also  the  3/4"  thick 
(1.9  cm)  Pyromet  538  plate  in  the  STQ  condition  discussed  in  Section 
5.2.2  above.  The  filler  wire  employed  with  these  GTA  weldments  was 
a matching  21-6-9  composition  (See  Table  5-  2 ) bare  wire  supplied  by 
Dr.  P.  R.  Landon  of  LLL. 

Radiographs  of  both  these  GTA  weldments  revealed  no  signifi- 
cant defect  indications.  A microhardness  survey  of  GTA  weldment  HR-ID 
(in  transverse  section)  is  shown  in  Fig.  5-  8 . Photomacro  and  micro- 

graphs of  this  weldment  including  FZ,  HAZ  and  BM  are  also  shown.  No 
weld  defects  were  observed.  Some  microporosity  was  observed  in  the  FZ/ 

HAZ  interface  but  to  a considerably  smaller  extent  than  a discussed 
above  for  the  SMA  weldments. 


Ferrite  measurements  via  the  Magne-Gage  revealed  in  the 
fusion  zone  a Ferrite  Number  for  both  these  GTA  weldments  as  follows: 

HR-IC  FN  = 5.9  ± 0.8 

HR-ID  FN  = 7.4  + 0.9 

An  appreciable  ferrite  level  was  also  observed  by  optical  micro- 
scopy in  the  fusion  zone  of  these  GTA  weldments  as  well. 

5. 3. 1.3  GTA  Weldments  in  Armco  A-286 

Three  unrestrained  butt  weldments  have  been  made  to  date  by 
the  manual  gas  tungsten  arc  (GTA)  welding  process  in  Armco  A-286 
material.  These  weldments  measure  approximately  3/4"  thick  (1.9  cm) 

X 3-3/4"  wide  (9.5  cm)  x 5-1/2“  long  14  cm).  The  short  length  of 
these  weld  plates  was  dictated  by  the  5-1/2"  14  cm)  square  dimension 

of  the  forged  billet  cross  section.  Three  additional  weldments  remain 
to  be  fabricated.  The  weld  plate  material  was  obtained  as  transverse 
slices  from  the  same  Armco  A-286  forging  billet  (Ht.  No.  4X0836)  used 
as  the  source  of  the  base  metal  material  whose  properties  were  also 
characterized  in  the  STQA  condition  and  reported  in  the  previous  WRL 
report  ( 4 ).  Photomicrographs  showing  the  microstructure  of  the 

STQA  treated  billet  base  metal  are  presented  for  various  billet  cross 
section  locations  are  presented  in  Fig.  5-  9 . An  initial  weldment 

(Plate  No.  A)  was  fabricated  with  the  weld  plate  in  the  solution 
treated,  oil  quenched  and  age  hardened  condition.  Problems  were 
experienced  initially  as  weld  fusion  zone  centerline  hot  cracking  as 
shown  in  Fig.  5-  10  . This  macrocracking  occurred  on  the  starting 
end  of  the  second  filler  pass  and  measured  approximately  1 inch  (2.5  cm) 
in  length.  Successive  grinding  and  rewelding  of  the  second  and  third 
weld  passes  finally  eliminated  this  fusion  zone  cracking  condition.  No 
such  cracking  was  detected  in  the  radiograph  (RD  No.  76195)  of  the  final 
completed  weldment  No.  A.  Mi croexaini nation  of  transverse  sections 
revealed  no  indications  of  such  fusion  zone  cracking  but  did  reveal 
extensive  heat-affected  zone  microfissuring  (hot  cracking)  as  shown  in 
Figs  5-  10  and  5-11  . It  was  therefore  decided  to  resolution  treat 
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at  1650°F  (900°C)  and  oil  quench  all  remaining  A-286  weld  plates  and 
omit  the  subsequent  age  hardening  treatment.  The  unaged  A-286  weld 
plates  were  then  welded  according  to  the  weld  process  conditions 
listed  in  Table  5-  11  for  material  Code  92XX.  The  filler  wire  employed 
with  these  A-286  GTA  weldments  was  a non-matching  Inconel  92  composition 
(See  Table  5-  2 ) bare  wire  originating  from  the  Huntington  Alloys  Div. 
of  INCO. 

Radiographs  of  Weld  Plates  C and  E revealed  no  significant 
defect  indications.  A microhardness  survey  of  GTA  weldment  No.  C is 
shown  in  Fig.  5-  12  and  reflects  the  anticipated  1 wer  base  metai 
hardness  Rg  90)  for  this  STQ  material  versus  the  STQA  base  material 
hardness  ('v-  Rc  37)  revealed  in  the  hardness  traverse  of  Weld  A shown 
in  Fig.  5-  11  . The  as-welded  fusion  zone  hardness  level  Rg  96)  is 
comparable  in  both  weldments.  HAZ  microfissuring  was  observed  in  both 
A-286  weldments  C and  E and  is  shown  in  Fig.  5-  12  (arrows). 

Ferrite  measurements  via  the  Magne-Gage  revealed  no  indication 
of  delta  ferrite  (FN=0)  in  the  weld  fusion  zone.  No  ferrite  was 
anticipated  since  the  dissimilar  weld  Inconel  92  filler  metal  has 
an  extremely  high  nickel  content  {'\-  70%  Ni)  and  dilution  by  the  lower 
but  still  high  nickel  content  (a.  26%)  base  me\:al  would  not  sufficiently 
lower  the  nickel  equivalency  of  :hese  weldments  to  the  level  where  delta 
ferrite  would  occur.  Microstructure  examination  of  the  weld  fusion  zone 
confirmed  the  absence  of  any  detectable  delta  ferrite. 

5.3.2  Varestraint  Weldability  Testing 

A relatively  simple  and  informative  weldability  testing  procedure 
known  as  the  longitudinal  Varestraint  Test  was  introduced  into  this  pro- 
gram in  Section  5.3.2  of  the  previous  WRL  report.  This  Varestraint 
test  was  originally  developed  by  Savage  and  Lundin  (57  - 59  ) to 
evaluate  the  relative  hjt  cracking  tendency  of  base  materials  and  of 
prior  deposited  weld  metal.  The  most  significant  feature  of  the  Varestraint 
(VAriable  RESTRAINT)  test  is  that  it  provides  an  inexpensive,  laboratory 
suitable  and  reproducible  means  for  augmenting  the  normal  intrinsic  weld 
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metal  solidification  shrinkage  strains  and  thus  simulates  the  larger 

shrinkage  strains  attendant  to  highly  restrained  production  (hardware) 
weldments. 


The  test  used  herein  is  essentially  the  same  as  developed 
by  Savage  and  Lundin  (S&L)  with  the  exception  that  the  Westinghouse 
sub-size  Varestraint  test  device  shown  in  Fig.  5-  13  has  been  designed 
so  as  to  accept  smaller  sized  {0.125"  t x 1.00"  w x 6.00"  a)  sample  than 
that  originally  employed  by  S&L  (0.250  or  0.500"  t x 2.00"  w x 12.00"  i) . 
Varestraint  testing  of  such  sub-sized  specimens  by  Westinghouse  has  been 
reported  previously  for  Incoloy  800  by  Gold  and  Lessmann  (60  ),  for 

various  refractory  metal  alloys  by  Lessmann  and  Gold  ( 61  ) > for 
A508  and  A533  steels  by  Grotke  (62  ),  and  for  Nitronic  33,  a high 

manganese  stainless  steel  by  Wells  and  Hagadorn  ( 20  )• 


A schematic  sketch  of  the  operation  of  the  Varestraint  test 
device  is  shown  in  Fig.  5-  14  . The  test  conditions  for  the  present 
tests  reported  herein  were  standardized  at  the  following  levels: 


Arc  Voltage 
Arc  Current 
Travel  Speed 
GTA  Electrode 


Electrode  Extension 
Electrode  Standoff 
Shield  Gas 

Air  Cylinder  Pressure 


15-16  Volts,  DCSP 
60-70  amps 

6.35  mm/sec  (15  ipm) 

EWTh-2;  3.2  mm  dia.,  60° 
Included  Angle  with  0.8  mm 
flat 

7.9  mm  (5/16  inch) 

1.6  mm  (1/16  inch) 

100%  Ar,  1.42  m^/hr  (50  cfh) 
0. 55  MPa  (80  psig) 


Specimens  were  tested  at  various  levels  of  upper  surface 
augmented  strain  over  the  range  of  0.25%  to  4.0%.  Post  test  macro- 
examination  at  30X  permitted  the  measurement  and  recording  of  the  number, 
location  and  length  of  all  observed  cracks,  both  in  the  weld  fusion 
and  the  heat-affected  zone  as  shown  in  Fig.  5-  15  . A summary  of  these 
crack  measurements  is  presented  in  Table  5-12  and  5-13  for  austenitic 
stainless  steels  and  nickel  base  superalloys  respecti vely.  A graphical 
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presentation  of  the  cracking  data  for  the  various  stainless  steel  speci- 
mens is  shown  in  Fig.  5-16  through  5-18  and  for  the  various  conditions  of 
nickel  base  superalloy  718  in  Fig.  19  through  20.  Fhotomacrographs  of 
various  specimens  at  selected  augmented  strain  values  are  presented  in 
Figs.  5-22  to  5-32. 

Certain  summary  observations  from  this  data  of  particular 
.nterest  to  the  present  program  are  as  follows: 

0 Fully  austenitic  stainless  steel  base  metals  including  Kromarc 
58,  AISI  305,  and  A-286  which  did  not  form  any  delta  ferrite 
when  autogeneously  welded  in  the  Varestrain  test,  experienced 
significant  FZ  cracking  beyond  a threshold  augmented  strain 
level  of  0.25%.  Similar  results  have  also  been  reported 
for  AISI  310S  and  316L  stainless  steels  by  Arata  ( 63  ) 

and  for  AISI  316  stainless  steel  by  Grotke  (62  ). 

0 Austenitic  stainless  steel  base  metals  which  did  form  delta 
ferrite  when  autogeneously  welded  in  the  longitudinal  vare- 
straint  test  such  as  Nitronic  33  and  Pyromet  538  high  manganese 
stainless  steels,  experienced  n£  microfissuring  up  to  augmented 
strain  levels  of  4 percent. 

0 Prior  deposited  ferrite- iree  GTA  weldmen';s  in  fully  austenitic 
Kromarc  58  stainless  steel  experienced  significant  FZ  micro- 
fissuring  in  Varestraint  testing,  although  less  than  that 
observed  in  the  ferrite-free  K-58  base  metal. 

0 Prior  deposited  ferrite  free  GTA  weldments  in  Nitronic  33 
stainless  steel  experienced  significant  FZ  microfissuring  in 
Varestraint  testing  beyond  a threshold  augmented  strain  level 
of  0.25%. 

0 In  general,  little  HAZ  microfissuring  was  experienced  with 
these  austenitic  stainless  steel  varestraint  test  specimens. 

HAZ  microfissuring  was  observed  in  the  ferrite  free  weldment 
of  Nitronic  33  and  in  the  base  metal  AISI  305  stainless  materials 
at  augmented  strain  levels  of  e = 2.0%  and  e = 3%  respectively. 


0 The  fully  austenitic  age  hardenable  A-286  stainless  steel  nase 
metal  Varestraint  test  specimeris  experienced  considerable 
microfissuring  in  the  fusion  zone  and  the  heat-affected 
zone  areas  of  the  autogeneous  weld  bead  regardless  of  the  specific 
heat  treatment  condition,  at  augmented  strain  levels  from  0.25% 
to  2.0%.  The  presence  of  the  HAZ  microfissuring  at  the  low  0.25% 
augmented  strain  level,  correlates  with  the  previously  described 
presence  (see  Section  5. 3. 1.3)  of  such  HAZ  microfissures  in 
unrestrained  weldments  in  A-286. 

0 The  austenitic  nickel-base  718  superalloy  Varestraint  test  speci- 
mens also  experienced  considerable  microfissuring  in  both  the 
fusion  zone  and  the  heat-affected  zone  areas  regardless  of  the 
specific  heat  treatment  condition.  The  threshold  augmented 
sttain  levels  for  both  the  Udimet  and  the  Inconel  718  alloys 
were  0.25%  and  0.50%  for  the  FZ  and  HAZ  microfissuring  respectively 
Figure  5-  21  shows  a reasonably  good  agreement  between  the  graphi- 
cal comparison  of  the  present  Varestraint  results  in  both  Udimet 
718  and  Inconel  718  at  both  2.0  and  3.0%  augmented  strain  levels 
with  previously  published  results  of  Valdez  and  Steinman  ( 64  ) 

at  2.6%  strain  level . 

Further  work  is  underway  on  the  microstructural  examination 
and  characterization  of  these  microfissures  in  both  the  FZ  and  the  HAZ 
in  an  attempt  at  improving  our  understanding  of  this  troublesome 
phenomenon. 
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Formula  shown  was  developed  by  Dr.  E.  W.  Johnson  of  the  Westinghouse  Research  Laboratories  (unpublished  work) 
based  upon  Hull's  original  work  (Ref. 7). 
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Temperature  For  Microstructural  Instability,  l\\j  and  (K) 


Fig.5-1-Calculated  temperature  ranges  for  microstructural  instability, 
and  Mr  in  various  austenitic  stainless  steel  alloys 


Curve  684544-A 


Fig.  5-2  - Measured  ferrite  number  (FN)  versus  FN  preducted  by  the  Hull  diagram  for  high  manganese 
stainless  steel  weldments 


Figiir^h~3  Photomicrographs  of  Inconel  718  alloy  following  various  processing 
operatiois  consisting  of  solution  treatment  at  lOBB^C  (1960°F),40%  cold  work 
and  then  treated  as  shown  (X226) 
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Figure  5-4  Photomicrographs  comparing  the  micrsLructures  of 
Pyromet  538  (21-6-3)  material  as, I -as  received  billet, II-IV2 in.  thick  plate 
sample  from  NBS  and  111-3/4 in. thick  plate  made  ind)FY7e  program(X225) 
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Figure  5-5  Photoyraphsof  weld  test  plates  (as  welded)  for 
FY'76  program, (A)  GTAW  in  Pyromet538  (21-6-9),  (B)  SMAW 
Pyromet  538(21-6-9)  and  (C)GTAW  in  A-286  material 
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Figure  5-B  Microhardness  Survey  (A&B),Macrostructure(C),(XB)  and 

Hicrostructurp  of  STO/SMA  welded  Pyromet  538  (2i-b-s^ (weld  plate 
no.  1B),(D)  thru  (H)  as  welded  0(225) 
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(A)  Microhardness  Survey  (B)  Weld  Schematic  Cross  Section 
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(H)  Base  Metal 


Figure  5-8  Microhardness  Survey  (A&B),  Mac  rest  ructu  re  (C),(X6)  and 

Microstructure  of  STG/GTA  welded  Fyromet  538  (21  6-9) (weld  plate 
no.lO)  (O)thru(H)  as  welded  (X225) 
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(A>  Sectioning  Schematic  for  A-2F6Forging  Billet 


I ‘Longitudinal  Section 
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Loullon  2 
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Location  a 


11  - Transverse  Section 


Location  1 
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Fig,  5-9  - Sectioning  Schematic  anO  Mlcrostructure  of  A-286  Forging  Billet  Material,  11)  Longitudinal  Sections  and  1 11)  Transverse  Sections  1X225) 
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A-286  STOA/GTA  Weldment 


(A)  Macroview  of  FZ  Hot  (B)  Hacrosection  (transverse) 
Cracking  (X5)  (X7) 


(C)  HAZ  Microfissuring-1  (D)  HAZ  Hicrofissuring-2 

(X225)  (X225) 

Figure  5-io  Macro  Fusion  Zone  Hot  Cracking  (A)  and 
Heat  Affected  Zone  Microfissuring  in  A-286 
STOA/GTA  Weldment  No.A 
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(A)  Microhardness  Survey 
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(8)  Weld  Schematic  Cross  Section 


(C) Weld  Macro-Section 


(E)  Weld  Fusion  Zono 


(F)fZHAZ  Transition 


Figure  5-11  Microhardness  Survey(A&B),  Macrostructiire  (C),(X7)  and 

Microstructure  of  STOA/GTA  welded  A-28G  Stainless  Steel 
(weld  plate  no.lA),(0)thru(H)  as  welded  (U25) 
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(A)  Hicrohardness  Survey 


(B)Weld  8cheiiiatic  Cross  8ection 
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(G)FZ-HAZ  Transition  (''/Base  Metal 

Figure  5-12  Microtiardness  8urvey  (ASB), Macrostructure  (OiXBT  and 

Hicrostructure  of  8T0/GTA  welded  A-286  8tainless  8teel 
(weld  plate  no  2C),(D)thru(tU  as  welded  (X225) 
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-ig.  5-13-The  Research  Laboratories  Varestraint  Tester  with  the 
riG  Torch  in  the  position  for  arc  intitiation.  Radius  blocks  and 
:ested  specimens  are  shown  in  foreground 
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Welding  Direction 


Location  of  Weld  Puddle 
at  the  Instant  of  Application 
of  Augmented  Strain 
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Fig.  5-15- Schematic  representation  of  the  top  surface  of  the 
weld  and  the  section  removed  for  metallographic  examination 
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5-16-Fusion  zone  (FZ)  cracking  observed  in  longitudinal  varestraint  tests  of  austenitic 
niess  steels 
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Legend: 

o ST  (1650°F)  Oil  Quenched  C.I.  Ht.  No.  54783 
o ST(1650®F)  O.Q./A(1325°F-16hrs)  C.I.  Ht.  No.  54783 
□ ST(180{fF)  O.Q./A(1325°F-  16  hrs)  C.I.  Ht.  NO.  54783 

• ST  (1800®F)  Oil  Quenched  A.  S.  Ht/  4X0836 

• ST(1650®F)  O.Q.,  A(1325°F  - 16  hrs)  A„S.  Ht.  No.  4X0836 

• ST(1800°F)  O.Q.,  A(1325°  F - 16  hrs)  A.  S.  Ht.  No.  4X0836 

Note:  FN  < 0 Measured  by  Magne  Gage 
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Fig.  5-17  -Fusion  zone  (FZ)  cracking  observed  in  longitudinal 
varestraint  test  on  Alloy  A-286 
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Legend: 

ST(1650°F)  Oil  Quenched  C.  I.  Ht.  No.  54783 

ST(1650«F)  O.Q.,  A(1325°F-16hrs)  C.I.  Ht.  No.  54783 
ST(1800°F)  O.Q.,  A(1325°F-16hrs)  C.I.  Ht.  No.  54783 
ST(1800°F)  Oil  Quenched  A.S.  Ht.  No.  4X0836 
ST(1650®F)  O.Q.,  A(1325'>F-16hrs)  A.S.  Ht.  No.  4X0836 
ST(1800<’F),  O.Q.,  A(1325°F-16hrs)  A.S.  Ht.  No.  4X0836 

Note:  FN<  0 Measured  by  Magne  Gage 
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Fig.  5-18-Heat  affected  zone  (HAZI  cracking  observed  in  longitudinal 
varestraint  test  on  Alloy  A-286 
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Fig.  5-19-Fusion  zone  (FZ)  cracking  observed  in  longitudinal  varestraint 
test  of  Alloy  718 


Total  Crack  Length,  mils  (FZ) 


jgends 

Udimet  718,  Ht.  No.  9-3688 
0 AS- Received 
o ST  (i800®F) 

Q ST  ( 1950®  F) 

• STDA  (1800® F/ 1325® F/ 1150® F/ 
> STDA  (1950®F/1325®F/1150®F) 

Curve  684818-A 

Inconel  718,  Ht.  No.  16G6EY 

P 

/ 

• AS  - Received 

//• 

ST(1800®F) 

o ST(1950®F) 

/ / 

^ cvi 


(Jo0561)  vais 

(J0OO8T)  vais 

{Jo0^6T)  vais 
{J0OO8I)  vais 

(Jo0561)  VGiS 
JoOOSDVGiS 

(Jo056l)  VGiS 
(do0081)  VGiS 


(Jc^'.6I)iS 
(doOOSDiS 
p0A!0D0iJ  SV 


(doOS61)  VGiS 
(doOOSl)  VGiS 
(doOS61)iS 
(doOOSDiS 
p0A|0O0y  SV 


R S ^ 8 

SJ  r— < »-H 

SI.IUJ  ‘(ZVH)  m6u0ipBJO  iBioi 


o 

LTi 


O 


Fig.  5-21— Comparison  of  longitudinal  varestraint  heat  affected  zone  cracking  data  for 
nickel  base  Alloy  718 
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Figure  5-23  Photomacrographs  of  Varestraint  Test  Specimens  in 
Kromarc  58 alloy  in(l)  Base  Metal  and(ll) Prior  Deposited 
Weldment  at  various  augmented  strain  levels  (X10) 
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Figure  5-25  Phctomacrograptis  of  Varestraint  Test 
Specimens  in  Pyroniet  OSST'iCr-iNi-OHn)  Stainless 
Steel  in  the  (l)As  received  liiliel  and(ll)  ST(2000°F)0 
conditions  at  various  augmented  strain  levels  (X10) 
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E=  2.0% 


FZ  TCL=0.180-  FZ  TCL’0.249- 

HAZ  TCLo.346-  HAZ  TCL^o.215- 

Figure  5-26  Photoniacrographs  of  Varestraint  Test  Specimens 
in(l)Armco  A-286  and  (II)  Cameron  A-286  alloys  in  the 
ST(i8OO°F)0  and  ST(i65O°F)0  conditions  respectively  at 
augmented  strain  levels  of  0.25%  and  2.0%  (Xio) 
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Figure  5-27  Photomacrographs  of  Varestraint  Test 
Specimens  in  (I)  Armco  A-286  and  (II)  Cameron  A-286 
alloys,  both  in  the  ST(i65O°F)0A  condition,  at  augmented 
strain  levels  of  0.25%  and  2,0%  (Xio) 
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Figure  5-28  Photomacrographs  of  Varestraint  Test  Specimens  in 
(I)  Armco  A-286  and  (II)  Cameron  A-286  alloys  in  the  ST 
(i800“F)  OA  condition  at  augmented  strain  levels  of  0.25% 
and  2.0%  (Xio) 
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6.0  FRACTURE  MECHANICS 


Intrcduction 

The  development  of  increasingly  more  cryogenic  or  superconducting 
devices  and  the  almost  total  lack  of  low  temperature  fracture  mechanics 
material  properties  (especially  relative  to  the  austenitic  materials  so 
ideally  suited  for  low  temperature  structural  applications)  has  created 
a strong  demand  by  designers  for  the  material  properties  required  to 
insure  immunity  from  structural  failure  of  these  systems.  Naturally, 
the  cryogenic  environment  has  placed  severe  restrictions  on  the 
development  of  these  required  material  properties,  especially  those  in 
the  area  of  fracture  mechanics  technology.  Recent  advances  in  fracture 
mechanics  technology,  especially  in  the  area  of  elastic  plastic  fracture, 
have  now  made  it  possible  to  determine  the  required  fracture  mechanics 
material  properties  (specifically  fracture  toughness  and  crack  growth 
rate)  necessary  to  pern-'t  he  application  of  fracture  mechanics 
technology  to  structures  and  components  subjected  to  cryogenic  environ- 
ments, thus  insuring  their  structural  performance. 

This  section  of  the  technical  report  presents  and  summarizes  the 
material  properties  (tensile,  static  plus  dynamic  fracture  toughness  and 
fatigue  crack  growth  rate)  generated  throughout  the  first  half  of  the 
Westinghouse  FY  76  ARPA/NBS  program. 

6. 1 Tensile  Results 

The  Inconel  718  precipitation  hardening  superali oy  evaluated 
in  the  Westinghouse  program  was  obtained  as  an  11  3/8  in.  (29  c.  ) 
diameter  hot  finished  forging  billet,  vacuum  induction  melted-vacuum 
arc  remelted  (VIM-VAR) . Briefly,  it  was  found  that  in  the  as-received 
conditions,  a pronounced  contiguous  grain  boundary  network  existed  at 
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the  stock  centerline  position  while  at  the  5 1/4  in.  (13.3  cm)  location 

such  contiguous  particles  were  not  observed  at  the  equiaxed  matrix 

grain  boundaries  but  rather  at  prior  "ghost”  grain  boundaries.^  ^ The 

relatively  low  ductility  and  fracture  toughness  demonstrated  by  this 

1800°F  (1255  K)  solution  treated  and  double  aged  Inconel  718  were 

attributed  to  thin  carbide  films  or  an  agglomeration  of  very  small  carbide 

particles  witnin  the  grain  boundaries . Carbide  chains  in  the  grain 

boundaries  also  proved  detrimental  to  the  ductility  and  fracture  properties 

(2  3) 

of  (VIM-VAR)  Inconel  X750. ^ ^ 

Therefore,  it  appeared  that  either  a higher  solution  treatment 
temperature  to  dissolve  such  carbides  or  a final  working  treatment 
followed  by  a heat  treatment  to  break  up  this  network  and  recrystallize 
the  entire  structure  would  be  necessary  to  achieve  optimum  cryogenic 
material  properties  with  the  present  Inconel  718  billet  material.  As 
a result,  the  effect  of  a higher  solution  treating  temperature  followed  by  cold 
work  with  a subsequent  recrystallization  heat  treatment  in  reducing  or 
removing  this  contiguous  carbide  grain  boundary  network  as  well  as  to 
modify  the  base  metal  grain  size  was  examined.  The  various  processing 
and  heat  treatment  details  are  covered  in  References  1 and  4.  After  a 
1950° F (1339  K)  solution  treatment  followed  by  cold  working  the  Inconel  718 
was  subjected  to  one  of  three  heat  treatment  schedules;  (a)  1800°F 
(1255  K)  solution  treatment  and  double  age;  (b)  1950°F  (1339  K)  solution 
treatment  and  double  age;  and  (c)  double  age.  All  the  tensile  and 
notched  tensile  properties  developed  on  Inconel  718  are  summarized  in 
Tables  6-1  through  6-3  while  Figures  6-1  and  6-2  illustrate  the 
influence  of  processing  and  heat  treatment  on  the  tensile  properties 
of  Inconel  718. 

Tensile  properties  of  a 10  1/4  in.  (26  cm)  diameter  Udimct  718 
billet  are  also  includtd  in  Tables  6-1  through  6-3.  No  contiguous  carbide 
chains  were  observed  at  grain  boundaries  for  the  Udimet  718  billet  center- 
line  location  as  were  observed  at  the  corresponding  location  in  the 
Inconel  718  billet.  Furthermore,  no  prior  ghost  boundaries  similarly  decorated 
with  carbide  chains  or  films  were  observed. 
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Strength  levels,  especially  yield  strength,  of  the  various 
Inconel  718  materials  (with  exception  of  the  lone  Inconel  718  not 
subjected  to  a post  cold  work  solution  treatment)  are  similar.  This  was 
expected  based  on  the  strength  similarity  demonstrated  between  the  original 
carbide  containing  Inconel  718  and  the  Udimet  718.  The  cold  worked 
plus  1800°F  (1255  K)  solution  treated  and  double  aged  Inconel  718 
demonstrated  nearly  identical  ductility  as  the  original  Inconel  718, 
which  was  also  solution  treated  at  1800“F  (1255  K)  and  double  aged.  The 
cold  worked  and  1950° F (1339  K)  solution  treated  and  double  aged 
Inconel  718,  however,  demonstrated  improved  ductility  (both  reduction 
in  area  and  elongation)  at  nearly  all  test  temperatures.  This  Improved 
ductility  was  expected  since  prior  microstructural  analysis  had  revealed 
that  the  carbide  network  in  the  higher  solution  treated  temperature 
Inconel  718  material  was  appreciably  reduced  at  the  matrix  grain  boundaries 
and  the  ghost  boundary  network  was  no  longer  observed. The  Inconel  71d 
which  was  not  solution  treated  after  cold  working  typically  demonstrated 
the  lowest  base  metal  ductility.  Despite  these  various  processing  and 
heat  treatment  schedules  the  ductility  of  Inconel  718  never  approached 
that  of  the  Udimet  718. 

6 . 2 Dynamic  Fracture  Toughness 

Pressure  retaining  materials  for  vessels  involving  nuclear 

applications  must  pass  minimum  dynamic  fracture  toughness  standards . 

In  detail,  for  a particular  selected  material,  the  adequacy  of  dynamic 

fracture  toughness  must  be  demonstrated  on  three  heats  each  of  base, 

weld  and  heat  affected  zone  (HAZ)  material.  In  other  words,  the 

dynamic  fracture  toughness  must  lie  above  a specified  minimum  K reference 

IR 

toughness  curve  temperature  corrected  based  on  drop  weight  NDT  tests  and 

^ (5,6) 

Charpy  impact  tests. 

As  a result,  a system  was  developed  at  Westinghouse  to 
perform  dynamic  J tests  (that  is,  load  a specimen  dynamically  to  a 
particular  deflection,  not  to  failure).  Dynamic  fracture  toughness  values 
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could  then  be  generated  with  small  scale  specimens  unlike  the  very  thick 
Specimens  (8  to  12  in. , 20  to  30  cm)  previouslv  required  to  obtain  valid 
Kjj  values. All  procedures  outlined  in  the  J resistance  curve  test 
technique were  observed,  the  only  difference  being  the  specimens 
were  loaded  dynamically. 

Initial  dynamic  cryogenic  J tests  were  conducted  at  -320°F 
(77  K)  on  Udimet  7].8,  a structurally  stable  austenitic  superalloy.  Load 
versus  time,  deflection  versus  time  and  load  versus  deflection  traces 
relative  to  a specific  half  inch  (1.3  cm)  thick  Udimet  718  compact 
tension  specimen  are  illustrated  in  Figure  6-3.  Note  this  specimen 
reached  its  final  load  and  deflection  in  approximately  0.013  sec. 

Figure  6-4  presents  the  -320°F  (77  K)  static  and  dynamic  J resistance 
curves  relative  to  Udimet  718.  Stf tic  and  dynamic  fracture  toughness 
values  of  Udimet  718  at  liquid  nitrogen  temperature  are  summarized 
below. 


Udimet  718  Fracture  Toughness 
Temperature  = -320° F (77  K) 


0 

_ys 

ksi 

MPa 

‘^IC 

in-lb/in^  MN/m 

ksi/in  MPa/in 

v'Tn 

(in) 

Static 

187.8 

1295 

198 

.035 

82.1 

90.0 

.44 

.19 

Dynamic 

187. 

1295 

178 

.031 

77.9 

86.2 

.41 

.17 

2 


Since  dynamic  tensile  te  : were  not  conducted,  the  static  yield 

strength  was  utilized  throughout.  As  was  expected  the  static  and 
dynamic  cryogenic  fracture  toughness  values  of  this  structurally  stable 
austenitic  superalloy  are  essentially  equivalent. 

Future  tests  will  hopefully  include  dynamic  cryogenic  fracture 
toughness  tests  on  a structurally  stable  austenitic  stainless  steel 
(such  as  Kromarc  58  or  A286)  plus  a structurally  unstable  austenitic 
stainless  steel  (such  as  Nitronic  40,  2lCr-6Ni-9Mn) . While  dynamic 
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loading  would  not  be  expected  to  influence  the  fracture  toughness  of  the 
structurally  stable  austenitic  stainless  steel,  such  may  not  be  the  case 
for  the  structurally  unstable  stainless  steel. 

6. 3 Crack  Growth  Rate  Results 

The  test  procedures  utilized  in  the  development  of  our 
cryogenic  fatigue  crack  growth  rate  data  were  spelled  out  in  detail 
in  a previous  technical  report  and  as  such  will  not  be  repeated  here. 

It  is  sufficient  to  state  that  all  the  raw  log  ^ versus  log  AK  data 
we  developed  on  each  of  the  materials  investigated  demonstrated  the 
nearly  linear  relationship  typical  of  most  fatigue  crack  growth  rate 
data.  Since  this  linear  relationship  existed,  the  crack  growth  rate 
data  was  expressed  in  terms  of  the  generalized  fatigue  crack  growth  rate 
law  developed  by  Paris. This  crack  growth  rate  law  is  expressed 
as : 


where  is  the  rate  of  crack  growth,  Co  is  an  intercept  constant 
determined  from  the  log  ||  versus  log  AK  plot,  n is  the  slope  of  the 
log-log  plot  and  AK  is  the  stress  intensity  factor  range. 

The  fatigue  crack  growth  rate  (FCGR)  properties  of  Inconel  706 
(VIM-EFR),  Inconel  706  (VIM-VAR) , Inconel  718  (VIM- VAR)  and  Inco  LEA 
(AAM-VAR)  are  illustrated  in  Figures  6-5  through  6-8,  respectivel> . The 
growth  rate  of  fatigue  cracks  in  both  Inconel  706  materials  and  in 
Inco  LEA  is  directly  proportional  to  temperature;  that  is,  the  higher 
the  temperature  the  greater  the  fatigue  crack  propagation  rate.  The 
growth  rate  of  fatigue  cracks  in  Inconel  718  is  also  considerably  faster 
at  room  temperature  as  opposed  to  cryogenic  temperatures  even  though  no 
distinction  between  cryogenic  crack  growth  rates  is  apparent.  In 
addition,  Tobler  recently  reported  both  ambient  and  cryogenic  temperature 
FCGR  data  on  solution  treated  and  double  aged  Inconel  718.^^^^ 
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Tobler's  -452°F  (4  K)  Inconel  718  FCGR  data  checks  very  closely  with  that 
developed  on  the  Inconel  718  examined  under  this  investigation.  Tobler 
also  found  higher  growth  rates  at  ambient  as  opposed  to  cryogenic 
temperatures  although  his  reported  increase  in  crack  growth  rate  with 
increasing  temperature  above  -452°F  (4  K)  was  not  as  great  as  that 
found  on  the  Inconel  718  employed  in  this  Westinghouse  program.  Although 
not  directly  applicable,  James  reported  a direct  extension  of  this  behavior 
over  the  temperature  range  75°F  (297  K)  to  1000°F  (811  K)  for  another 
Inconel  718^^^’^'^^  and  in  addition  on  Inconel  600  over  the  temperature 

Cl  'll 

range  75°F  (297  K)  to  1200°F  (922  K) . ^ ’ Furthermore,  higher  growth 

rates  at  ambient  versus  cryogenic  temperatures  were  previously  observed 

(3) 

on  an  additional  superalloy,  namely  Inconel  X750,  by  both  Westinghouse 
and  Finally,  this  same  crack  growth  rate  temperature  dependence 

behavior  has  been  reported  on  several  structurally  stable  austenitic  stainless 
steels,  namely  Kromarc  58  and  A286  by  Westinghouse and  AISI  310  S 
and  A286  by  Again,  James  also  observed  increasing  fatigue 

crack  growth  rates  with  increasing  temperature  over  the  temperature 
range  75®F  (297  K)  to  1000°F  (81i  K)  for  an  A286  stainless  steel 
similar  to  those  examined  by  Westinghouse  and  Therefore,  a 

substantial  data  base  exists  which  indicates  that  for  structurally 
stable  austenitic  materials  (both  superalloys  and  stainless  steels),  the 
growth  race  of  fatigue  cracks  at  room  temperature  is  faster  than  at  cryogenic 
temperatures . 

Tobler  has  reported  fatigue  crack  growth  rates  on  a 21Cr-6Nl- 

9Mn  stainless  steel  faster  at  -452°F  (4  K)  than  at  -320°F  (77  K)  or  room 
f 1 8) 

temperature.^  In  addition,  the  fracture  toughness  of  this  stainless 

steel  decreased  appreciably  with  decreasing  temperature  over  the 

(19) 

temperature  range  75°F  (297  K)  to  -452'’F  (4  K)  . During  plastic 

deformation  at  room  temperature  this  alloy  experienced  little  martensitic 

phase  transformation,  but  at  -320°F  (77  K)  and  -452°F  (4  K)  it  transformed 

extensively  to  hep  and  bcc  martensitic  products  and  is  therefore 

(19) 

not  a structurally  stable  austenitic  stainless  steel. 
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Figures  6-9  and  6-10  present  a comparison  of  the  liquid  helium 
and  room  temperature  FCGR  properties,  respectively,  of  Inconel  706,  Inconel 
718  and  Inco  LEA.  At  -452°F  (4  K) , the  most  favorable  FCGR  properties 
are  associated  with  the  two  Inconel  706  materials,  especially  (VIM-VAR) 
Inconel  706,  followed  in  order  of  increasing  growth  rates  by 
Inconel  718  and  Inco  LEA.  At  room  temperature,  the  two  Inconel  706 
materials  again  produce  superior  FCGR  properties  while  Inconel  718  and 
Inco  LEA  demonstrate  faster  and  nearly  identical  growth  rates.  The 
room  temperature  and  cryogenic  fracture  toughness  of  both  Inconel  706 
materials  also  proved  superior  to  that  demonstrated  by  Inconel  718, 

Inco  LEA  and  most  manufacturing  process/heat  treatment  combinations 
of  Inconel  X750. ^ ’ The  superior  fracture  mecnanics  material  properties 
of  Inconel  706  combined  with  its  improved  machinability , form.ability 
and  reduced  cost  through  the  use  of  lower  amounts  of  expensive  alloying 
elements  as  compared  to  Inconel  718,  therefore,  make  Inconel  706 
an  attractive  material  for  advanced  cryogenic  structural  applications. 

A comparison  of  the  liquid  helium  and  room  temperature  FCGR 

properties  of  three  superalloys  (Inconel  706,  Inconel  718  and  Inco  LEA) 

versus  three  stainless  steels  (Kromarc  58,  AISI  310  S and  A286)  is 

presented  in  Figures  6-11  and  6-12,  respectively.  At  both  -452  F (4  K) 

and  room  temperature  the  FCGR  properties  of  the  three  austenitic  stainxess 

steels  can  be  bracketed  by  the  FCGR  properties  relative  to  (VIM-VAR) 

Inconel  706  and  Inco  LEA.  In  addition,  at  liquid  helium  temperature, 

the  FCGR  properties  of  the  several  manufacturing  process /heat  treatment 

combinations  of  Inconel  X750  covered  in  Reference  3 can  also  be  bracketed 

in  a like  manner.  At  room  temperature,  the  FCGR  properties  of  (AAM-VAR) 

Inconel  X750  are  slightly  conservative  when  compared  with  those  of 

( 31 

(VIM-VAR)  Inconel  706  and  as  such  barely  fall  outside  the  abr’^e 
mentioned  scatterband.  Nonetheless,  the  scatterband  summarizing  the 
FCGR  properties  of  the  various  superalloys  and  stainless  steels  is  not 
very  large  regardless  of  test  temperature,  indicating  that  the  FCGR 
properties  relative  to  the  majority  of  structurally  stable  austenitic 
materials  fall  within  a relatively  narrow  scatterband.  Therefore,  from 
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a FCGR  structural  reliability  standpoint,  structurally  stable  austenitic 
materials  are  adequate  for  cryogenic  structural  applications.  It  is  up 
to  the  designer  to  choose  the  structurally  stable  austenitic  material 
with  the  best  combination  of  FCGR,  fracture  toughness  and  strength  properties 
plus  elastic,  thermal  and  magnetic  properties  among  other  considerations 
such  as  fabricability  for  a specific  cryogenic  structural  application. 
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Fig.  6-6-Fatigue  crack  growth  rate  properties  of  Inconel  706  (VIM-VAR) 
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Fig. 6-7- Fatigue  crack  growth  rate  properties  of  Inconel  718 
(VIM- VAR) 
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Fig. 6-8 -Fatigue  crack  growth  rate  properties  of  Inco  LEA 
(AAM-VAR) 
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Fig.6-9-Comparison  of  the  -452°F  (4K)  fatigue  crack  growth  rate 
properties  of  three  superalloys 
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Fig. 6-10-  Comparison  of  the  room  temperature  fatigue  crack  growth 
rate  properties  of  three  superalloys 
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Fig.  6-11  “Comparison  of  the  -452°F  (4K)  fatigue  crack  growth  rate 
properties  of  superalloys  versus  stainless  steels 
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Fig.  6-12 -Comparison  of  the  room  temperature  fatigue  crack  growth 
rate  properties  of  superalloys  versus  stainless  steels 


7.  MICROSTRUCTURAL  ANALYSIS 


The  purpose  of  this  phase  of  the  work  is  two-fold:  (a)  examine 

the  microstructures  of  tested  specimens  to  determine  the  cause  and  m.ode 
of  failure,  (b)  correlate  the  micros tructural  features  with  mechanical 
test  data  to  establish  failure  mechanisms  and  effects  of  processing 
variables.  With  this  knowledge  at  hand,  one  is  able  to  identify  critical 
areas  in  processing,  material  use,  and  performance  realization.  In  this 
report,  we  conclude  the  discussion  on  base  metal  and  weldments  of  alloys 
718  and  706  which  were  discussed  in  the  previous  report.^  We  theii  present 
results  on  the  effect  of  cold  reduction-aging  schemes  on  structure  and 
properties  in  alloy  718.  Results  are  presented  in  terms  of  light  microscopy, 
scanning  electron  microscopy  with  energy  dispersive  x-ray  data,  and  x— ray 
powder  diffraction  of  cerbide-extractlon  residues. 

7.1  Carbide  Extraction.  Alloys  718  and  706 

The  "carbide  extraction"  method  is  designed  to  collect  all 
phases  present  in  the  alloy  that  are  not  related  structurally  to  the 
matrix.  The  matrix  and  the  coherent  phases  such  as  the  coherent  phase  y' 
and  y"  are  dissolved  electroly tically  following  the  procedure  below: 

a.  A piece  of  material  1 cm  x 1 cm  x 3 mm  thick  is  prepared 
and  electropolished  to  remove  all  surface  contamination. 

b.  The  piece  is  carefully  weighed. 

c.  The  metal  is  electropolished  for  eight  hours  at  a current 

2 

density  of  60  raA/cm  with  an  electrolyte  mixture  of 

0.9  gal  methanol 
0.1  gal  HCl  (cone) 

67  g tartaric  acid 


d.  The  acid  liquid  is  filtered  thro’^gh  0.25  um  "millipore" 
filter  which  has  been  previously  weighed. 

e.  The  weight  of  the  solid  residue  is  recorded  and  the  weight 
loss  of  the  original  .Tietal  is  also  recorded. 

I.  The  solid  residues  are  analyzed  by  powder  x-ray  diffraction 
to  determine  phases. 

Examples  of  x-ray  diffraction  data  are  shown  in  Fig.  7-1.  The  "weld" 

t 

specimens  were  machined  entirely  from  the  weld  fusion  zDne.  This  figure 
shows  the  simple  pattern  of  f.c.c.  MC-carbides,  Fil.T.  7-la  and  c,  and 
the  very  complex  pattern  where  a multitude  of  phases  are  analyzed,  such 
as  MC  carbides,  6 and  Laves  phases  (Figs.  7-le  and  f) . 

All  the  findings  are  summarized  in  Table  7-1.  These  data 
shall  now  be  discussed. 

Alloys  718  and  706  belong  to  class  II  nickel-iron  Nt  containing 

2 

superalloys.  These  mater ia]s  derive  their  primary  strengthening  from  a 

combination  of  y'  (f.c.c.  (Ni^Al,  Ti))  and  y"  (BCT  Ni  NM  orec ipitation 

^ ^23 

within  the  grain.  Other  common  phases  ir  this  class  o"  i...loys  ’ are  ii 

(hep,  Ni^Ti) , 6 (orthororabic  Ni^Nb)  , and  MC  carbides  (Ti;  Nb;  C).  The 

MC  carbides  precipitate  immediately  after  casting  and  usually  re  •'ain 

unchanged.  Thermoraechanical  treatment  may  result  in  redis rr-’"'  and 

fragmentation  of  the  carbides.  The  q and  6 phases  appear,  u ^y,  after 

prolonged  exposure  to  elevated  temperature  and  resi  rom  trans.,ormations , 

respectively,  of  y'  and  y".  The  solvus  temperature;  for  the  6 phase  are^ 

slightly  above  1800°F  (982  °c)  for  alloy  718  and  about  1650°F  (907  °C) 

for  alloy  706. 

The  first  two  lines  in  Table  7-1  reveal  a significant  difference 
between  alloys  U-718  and  1-718*,  in  that  the  volume  fraction  of  MC  carbides 


* 

U-718:  Udimet  alloy  718,  special  metals 

1-718:  Inconel  alloy  718,  Huntington  alloys 
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in  1-718  is  quite  higher  in  comparison  to  U-718.  The  higher  content 
of  non-soluble  residues  is  maintained  in  alloy  1-718  after  the  usual 
solution  (982°C)  and  double-age  treatment.  Note,  however,  that  lowering 
the  solutionlng  temperature  to  1800°F  (982°C)  maintains  the  6 phase  in 
U-718  but  results  in  Laves  and  sillclde  phase  in  alloy  1-718. 

There  is  O'-  difference  in  phase  content  between  the  two 
processing  variations  of  alloy  706.  In  fact,  for  all  practical  purposes, 
70’6-VIM-VAR  and  706-VIM-EFR  appear  microstructurally  as  two  identical 
materials  where  the  only  phase  present  in  the  residue  after  the  STDA 
treatment  is  the  MC  carbides.  This  is  also  confirmed  by  the  cojiparable 
mechanical  test  data.^ 

The  data  for  the  weld  fusion  zone  show  a marked  increase  in 
the  content  of  non-soluble  residue.  All  phases  are  detected  in  the 
fusion  zones  of  both  1-718  and  1-706  weldments  . It  has  to  be  mentioned 
here  that  1-718  filler  wire  was  used  to  produce  the  weldments  in  alloy 
706  as  well.  The  data  reflect,  therefore,  the  characteristics  of  a 718 
weld  metal  rather  than  that  of  alloy  706.  The  effect  of  the  increase  in 
volume  fraction  of  all  phases  is  reflected  in  the  mechanical  test  data.^ 
All  transverse  weldment  test  specimens  broke  in  the  fusion  zone  displaying 
slightly  lower  strengths,  significantly  lower  ductilities,  and  severe 
reduction  in  fracture  toughness. 

The  x-ray  diffraction  data  in  Table  7-1  are  confirmed  by  energy 
dispersive  x-ray  analysis  of  the  residues,  shown  in  Figs.  7-2  and  7-3. 

The  data  in  these  figures  reveal  Information  about  the  elemental  content 
of  the  residues.  Fig.  7-2a  shous  inly  three  elements  in  the  residue  of 
U-718  after  the  normal  STDA  treatment;  Nb  and  Ti  are  tied  in  the  MC 
carbides,  while  the  high  Ni  content  is  related  to  the  6 (Ni^Nb)  phase. 
1-718,  solutioned  at  the  high  temperatures  (Fig.  7-2b)  shows  Nb  and  Ti 
only,  in  agreement  with  the  identification  of  MC  carbides  only  (Table  7-1). 
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The  data  in  Fig.  7-3  confirms  the  multitude  of  phases  in  1-718. 

Note  the  low  Ti  content  after  the  STDA  treatment.  This  indicates  that  the 
MC  carbides  are  very  rich  in  Nb.  Also  note  the  Si  content,  as  compared 
to  U-718  (Fig.  7-2). 

The  differences  in  phase  content  between  alloys  1-718  and  1-706 
are  in  agreement  with  their  chemistry.  / loy  1-718  contains  twice  as 
much  Nb  as  alloy  1-706.  This  will  acc  or  higher  content  of  MC  carbides. 

The  more  significant  information  revealed  by  the  data  in 
Table  7-1  are  the  differences  between  the  two  heats  of  alloy  718,  i.e., 

U~718  compared  to  1—718.  It  should  be  noted  here  that  the  differences 
in  volume  fraction  and  nature  of  the  residual  phases  are  reflected  in  the 
mechanical  test  data.  Alloy  U— 718  exhibited  twice  the  fracture  toughness 
and  ductility  at  all  temperatures  when  compared  to  alloy  1-718.  On  the 
other  hand,  yield  strengths  at  all  temperatures  were  the  same  for  both  alloys. 
This  indicates  that  the  intrinsic  strength  of  the  e loys,  which  is 
derived  from  precipitations  of  y'  and  y"  is  not  affected  by  carbides 
and  other  phases.  Ductility  and  fracture  toughness,  on  the  other  hand, 
are  strongly  affected  by  carbides  and  particularly  by  the  Laver  phases, 
which  tend  to  precipitate  in  the  grain  boundaries.  It  is  significant, 
therefore,  that  we  try  to  establish  the  possible  source  for  the  higher 
content  of  Laves  phases  in  alloy  1-718. 

Chemistry  of  the  alloys  is  given  in  Tables  5-8  to  5-10  of 
Reference  1.  The  only  apparent  significant  difference  in  chemistry  between 
alloys  U-718  and  1-718  is  in  the  Si  content;  less  than  0.1%  Si  in  U-718 
and  0.3%  Si  in  1-718.  The  silicide  phase  of  the  type  Ni2Co^Si  is  the 
major  source  for  Si  precipitations;  Fe  and  Cr  can  substitute  for  Co  in 
this  phase.  It  is,  thus,  conceivable  that  the  small,  but  finite, 
difference  in  Si  content  is  the  source  of  the  formation  of  silicide  phase 
in  alloy  1-718. 

It  is  of  interest  to  note  that  the  effect  of  Si  on  the  formation 
of  extraneous  phases  was  previously  observed  by  Kossowsky  et . al.  in 
Fe-30Ni-10Cr , y'  strengthened  alloys.^  Lowering  the  Si  content  from 
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0.9%  to  0.1%  decreased  the  volume  fraction  of  SI  containing  phases  from  0.7 
to  less  than  0.2  weight  pet. 

7.2  Recrystallized  1-718  (specimens  code  67XX,  68XX,  69XX) 

These  tests  were  designed  originally  to  define  the  effect  of 
grain  size  on  structural  variations  and  mechanical  strength  of  1-718 
(see  Section  5).  Briefly,  three  groups  of  specimens  were  examined: 

(a)  specimens  from  group  67XX  were  Initially  solution  annealed  at 
1950°P  (1066°C),  cold  rolled,  then  given  the  standard  1800°F  (982°C) 
solution  anneal  and  double  age  (STDA) ; (b)  specimens  from  group  68XX  were 
given  the  same  sequence  of  thermal-mechanical  treatment  with  the  solution 
temperature  after  cold  work  increased  to  1950°F  (1066°C) , followed  by 
double-aging  treatment;  (c)  group  69XX  was  given  solution  anneal  at 
1950°F  (1066°C),  cold  rolled  and  then  directly  doubled  aged. 

Grain  size  of  the  various  groups  of  specimens  were: 

67XX  - non-uniform  distribution,  average  15  ym 
68XX  - generally  uniform  distribution,  average  95  ym 
69XX  - elongated,  non-uniform  distribution,  ranging  in 
width  20-50  ym,  length  100-300  ym. 

Examples  of  the  typical  grain  morphologies  are  shown  in  Fig.  7-4.  The 
structure  of  specimen  6700  and  6800  exhibit  recrystallized  morphologies, 
while  the  structure  of  specimen  6900  is  that  of  a heavily  worked  material. 

Micrographs  of  failed  tensile  test  specimens  are  shown  in 
Figs.  7-5  through  7-17.  First,  we  examine  light  micrographs  of  longitudinal 
sections  through  the  fractured  ends.  Figs.  7-5  through  7-9.  All  three 
sets  of  light  micrographs  (Figs.  7-5,  7-7,  7-8)  reflect  a similar  mode 
of  failure,  i.e. , a mixture  of  intergranular  cracking  and  cross-granular 
shear.  Large  cracks  are  associated  with  agglomerations  of  particles  as 
seen  clearly  in  Fig.  7-7.  These  cracks  were  examined  in  more  detail  by 
scanning  electron  microscopy  and  shown  in  Figs.  7-6  and  7-9.  Both 
micrographs  show  Nb  rich  and  Ti  rich  MC  carbides  around  the  holes.  Since 
all  specimens  were  cold  worked  prior  to  testing,  we  suggest  that  the  carbide 


i 


61 


agglomerations  were  broken  and  cracked  during  processing.  The  voids  are 
already  observed  in  cross-sections,  away  from  the  deformed  gauge  section 
areas  (Fig.  7-4).  During  tensile  testing,  the  voids  continue  to  open 
under  stress.  We  propose,  however,  that  these  voids  did  not  contribute 
significantly  to  weakening  of  the  structure.  The  tensile  test  data 
(Fig.  6-  ) Indicate  very  similar  yield  strengths  for  the  cold  worked 
specimens  67XX  and  68XX  and  the  standard  base  metal  specimens  69XX. 

Figs.  7-10  through  7-17  illustrate  the  modes  of  failure  of  the 
three  groups  of  specimens  in  SEM  micrographs  of  fractured  surfaces.  A 
close  examination  of  all  the  micrographs  supports  the  conclusions  drawn 
from  the  light  micrograph,  i.e.,  that  there  are  no  significant  differences 
in  the  modes  of  failure  of  all  three  groups  of  specimens  at  all  three 
test  temperatures.  The  x-ray  analysis  in  Fig.  7-11,  for  example, 
corroborates  the  identification  of  carbides  on  the  fractured  surface 
and  the  general  alloy  composition  of  the  cross-granular  shear  facets. 

The  two  types  of  carbides  identified  around  the  large  voids  (Fig.  7-9) 
are  present  around  some  voids  which  are  found  on  the  fracture  surface. 

This  is  illustrated  in  Fig.  7-12. 

The  high  magnification  details  of  the  dimpled  part  of  the 
i fracture  surface  Indicate  that  small  particles  are  located  at  the 

bottom  of  each  dimple,  see  Figs.  7-13  and  7-14. 

The  mixed  mode  of  failure  is  illustrated  clearly  in  the  large 
grain  size  specimens  in  Figs.  7-15  and  7-16.  The  combination  of  inter- 
granular cracking,  cross-granular  shear  and  the  limited  ductility  (shallow 
dimples)  can  be  observed  in  Fig.  7-15. 

7.2.1  Summary 

Examination  of  the  tensile  test  data  (Figs.  6-1  and  6-2) 
and  the  various  micrographs  illustrated  above  indicate  that  there  is 
virtually  no  grain  size  dependence  of  strength  for  the  range  of  grain 
sizes  obtained  between  specimens  67 XX  and  68XX.  Recyrstallizatlon  has 
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taken  place  upon  solution  annealing  after  the  cold  work  step.  This  is 
evident  in  specimens  of  group  67X7  which  were  solution  annealed  after  cold 
work  at  1800°F  (982°C) . Solution  annealing  at  1950°F  (1066°C)  after 
cold  work  results  is  a significant  grain  growth.  Although  there  is  an 
order  of  magnitude  increase  in  grain  size  from  specimen  67XX  to  68XX, 
the  yield  strength  data  do  not  indicate  any  particular  trend.  There  is, 
however,  a small  increase  in  ductility  at  room  temperature  for  the  large 
grain  size  specimens . 

The  increase  in  yield  strength  in  specimens  of  group  69XX  (not 
solution  annealed  after  cold  work)  illustrate  the  effect  of  residual 
cold  work.  This  also  indicates  that  the  secondary  solution  treatment 
at  either  1800°F  (982°C)  or  1950°F  (1066°C)  is  sufficient  to  relieve 
all  deformation  imparted  to  the  specimens  during  the  cold  reduction  step. 

1-718  fails  by  a combination  of  cross-granular  shear  and 
intergranular  cracking.  The  ductility  is  further  limited  by  particles 
within  the  grains  as  illustrated  by  the  shallow  dimpled  structure.  The 
large  agglomeration  of  carbides  within  the  grain  is  lower  in  alloy  706 
and, hence > the  occurrence  of  large  agglomeration.  Fig.  7-18d,  was  not 
as  prevalent  as  in  alloy  718. 

The  crystallographic  orientation  of  fatigue  striations  are 
clearly  demonstrated  in  Figs.  7-20  and  7-21.  Branching  and  secondary 
cracking  of  grain  boundaries  are  depicted  in  Figs.  7-21c  and  7-21d. 

7 .3  N-33  Deformed  Weldment 

Fig.  7-22  rhows  polished  sections  of  a weldment  deformed  at 
room  temperature  in  bending  (see  Section  5 of  this  report) . Although 
the  information  in  this  micrograph  is  limited,  it  supports  the  magnetic 
data  which  showed  a small,  by  finite  amount,  of  ferromagnetism.  Since 
alloy  N-33  is  austenitic  in  the  undeformed  state,  it  was  postulated 
(Section  5,1.2  ) that  localized  martensitic  transformations  may  have 
been  induced  by  deformation.  Slip  hands  and  accicular  martensitic 
plates  can  be  recognized  on  the  polished  and  heavily  etched  surface.  Fig.  7- 
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TABLE  7-1-X-RAY  DATA,  NON  SOLUBLE  RESIDUES 
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Mg.  7-6-1-718,  SFM  micrograph  (a)  of  longitudinal  section,  tensile  test  spec 
6711,  1000 X.  Holes  seen  in  Fig.  5 are  fractured  carbides  (b-d)  energy  dispers 
x-rays  (b)  spot  1 ic)  spot  1 (d;  spot  3 
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Fig.  7-7-1-718,  longitudinal  sections,  tensile  test  spec 
R.T.  50 X (b)  tested  at  4. 2° K,  200X.  Slip  lines  seen  c!e 
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Fig.  7-8-1-718,  longitudinal  cross  sections,  specimen  691X  (a)  tested  at  R.T.  lOOX 
(b)  tested  at  4. 2°  K,  200X.  Note  severe  deformation  due  to  pretest  cold  reductions. 
Fractured  carbides  around  cavities  are  shown  in  Fig.  7-9 
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Fig.  7-10-  1-718  SEM  micrographs,  fracture  surface,  tensile  specimen  6711  tested 
at  R.  T.  (a)  50X  (b)  lOOOX  mixed  mode  of  shear  and  dimpled  tensile  failure  (c)  2000X 
note  secondary  cracks  in  carbides  (arrows)  (d)  2000X  shear  facets 
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Fig.  7-11-1-718,  SEM  micrographs,  fracture 
surface  specimen  6712  tested  at  77°K  (a)  typical 
dimpled  structure  with  carbides  (b)  shear  facet 
2 000X  (c)  x-ray  of  spot  A (dots)  and  spot  B 
( lines).  Nb  rich  IVlc  carbide  in  A 
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Fig.  7-13-1-718,  SEfy/1  micrographs,  fracture  surface,  tensile  test  specimen  6812 
tested  at  Tf°K  'a)  50X  (b)  500X  (c)  lOOOX  note  dimples  and  shear  facets  (d)  2000X 
la  rge  carbide  agglomerates  and  carbides  at  the  bottom  of  dimples 
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Fig  7-14-  1-718,  SEM  micrograph  (a)  of  fracture 
surface,  specimen  6813  tested  at  4. 2°K,  1500X 
(b)  EDAX  shear  facet,  spot  1 tc)  EDAX  carbides  in 
dimpies,  spot  2 
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Fig.  7-15  - 1-718,  SEM  micrographs  of  fracture  surface,  specimen  6813, 
(a)  200X  mixture  of  dimpled  fracture,  intergranular  and  shear  fracture 
detail  500X(c)  intergranular  detail  1000  (d)  shear  facets,  detail  1400X 


Fig.  7-16-1-718,  SEIVl  micrographs,  fracture  surface,  tensile  specimen  6911 
tested  at  R.  T.  (a)  200X  (b)  dimples  and  lanes  phase  sheared  particles  detail, 
500X  (c)  intergranular  and  shear  facet  fracture  detail  lOOOX  (d)  carbide 
agglomerations  2000  X 
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Fig.  7-18-  A-286,  SEM  micrographs,  fracture  surface  tensile  specimen  tested  at 
77®K  ^a)  50X  ^b)  500X  intergranular  fracture  preceded  by  deformation  within 
the  grain  tc)  detail,  2000X 'd)  fracture  around  carbide  agglomerations,  2000X 
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Fig.  7-21-A-286,  Fatigue-crack  growth  specimen,  tested  at  77°  K (a)  lOOX  (b)  500  X 
intergranular  failure,  fatigue  striations,  tensile  fractured)  and  carbides  at 
boundaries  (c)  lOOOX  (d)  detail  25000X 
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Fig.  /-22-N-33,  SEM  micrographs  of  polished  and  etched  weldment,  deformed  at  R.T 
in  bending.  Evidence  of  martensitic  transformation  S:  slip  lines,  M:  martensite 
(accicular)  E:  etch  pits,  a-b:  6800,  c-d:  13600 
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8.0  MAGNETIC  MEASUREMENTS 


The  magnetic  measurements  conducted  in  this  portion  of  the 

Westinghouse  FY76  program  are  reported  herein.  A discussion  of  the  type 

and  extent  of  these  has  already  been  given  in  the  previous  Westinghouse 

(2\ 

report  75--9D4-CRYMT-R2 ^ ' (hereafter  referred  to  as  R2).  Attention  is  here 
confined  to  giving  the  results  on  the  two  alloys  A-286  and  21-6-9. 
Additionally  some  results  on  310SS  and  Inconel  718  are  compared  with  the 
work  of  Efferson  and  Leor.ard^^^  (E  and  L). 

Table  8.1  sets  out  the  magnetic  condition  and  strengths  of 
the  A-286  and  21-6-9.  A listing  of  the  various  ferromagnetic  designation 
is  given  in  R2. 

Table  8.2  compares  the  magnetic  composition  of  the  alloys  with 
their  magnetic  state  at  4.2  K.  Excepting  the  21-6-9  SMAW  and  GTAW 
materials  the  transition  from  ferromagnetism  to  anti  ferromagnetism  is 
determined  by  the  Mn  content.  Based  on  the  results  contained  in  R2  the 
21-6-9  is  expected  to  be  antiferromagnetic  with  a 9.5%  Mn  content  and 
A-286  to  be  ferromagnetic  with  only  1.7%  Mn.  The  above  transition  from 
ferromagnetism  to  antiferromagnetism  would  be  expected  to  occur  with  a 
composition  having  ^^5%  Mn.  In  contrast,  Cr  is  seen  not  to  have  so  notice- 
able an  effect  on  the  magnetic  state.  The  weldments  21-6-9  SMAW  and  GTAW 
are  presumably  acquiring  their  ferromagnetic  condition  from  the  filler 
metal.  The  absence  of  any  measureable  temperature  variation  in  the 


ferromagnetism  up  to  78  K suggests  these  weldments  are  likely  to  be 
still  ferromagnetic  at  room  temperature.  In  contrast  to  this  the  drop 
in  magnetic  moment  of  the  A-286  at  78  K to  around  300  G is  likely  to 
give  a paramagnetic  state  up  at  room  temperature.  The  magnetic  effects 
of  strain  on  A-286  are  not  large.  The  strained  sample  was  taken  from 
the  immediate  vicinity  of  a fracture  zone  of  a tensile  specimen.  Strain 
produces  a small  but  measureable  decrease  in  the  magnetic  moment. 

Efferson  ai.d  Leonard^^^  have  reported  magnetic  measurements 
on  a number  of  materials  including  Inconel  718  and  310SS.  For  interest 
and  comparison  we  show  in  Figures  1 and  2 a comparison  of  their  data 
and  WestinghoL  '.e  data  at  4.2  K on  the  magnetization  versus  magnetizing 
field.  We  inferred  from  the  report  of  E and  L that  their  material  was 
solution  annealed  (SA)  base  metal.  The  Westinghouse  data  on  718  (CW/DA) 
compares  well  with  the  E and  L data  and  is  close  to  the  Westinghouse 
718  (STDA)  data.  In  the  case  of  310SS  the  heat  treatments  STFC  and  STQ 
cause  an  increase  of  magnetic  moment  over  the  SA  heat  treatment  of  E and 
L.  In  summary  the  Westinghouse  and  E and  L data  are  comparable  and 
where  differences  exist  they  probably  result  from  the  different  heat 
treatments  given  to  the  materials. 

Electrical  resistivity  measurements  were  not  performed  on  any 
material  in  this  report.  Past  experience  has  shown  that  electrical 
resistivity  of  these  stainless  steels  and  superalloys  is  insensitive 
to  heat  treatments  and  shows  little  variation  with  temperature.  To 
within  20%  they  show  a typical  resistivity  of  100  yS^cm. 
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Table  8.1.  Magnetic  Properties  of  Materials 


Saturation  Induction (G) 


Condition 


Magnetic 

Condition 


4.2  K 

20  K 

78  K 

985 

890 

318 

1005 

919 

345 

990 

890 

360 

1240 

1240 

970 

470 

470 

470 

Magnetic  Field  in  KG  (H) 

Fig.  1-A  comparison  of  the  magnetization  versus  magnetic  field  for  Inconel  718 
from  the  data  of®  and  Efferson  and  Leonard 


Curve  684557-A 


comparison  of  the  magnetization  versus  magnetic  field  for  310SS 
lata  of®  and  Efferson  and  Leonard 
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ABSTRACT 

The  rise  of  cryogenic  a.id/or  superconducting  devices  as  modern 
and  efficient  energy  sources  has  inspired  development  of  the  1..V7  tempera- 
ture mechanical  and  fracture  mechanics  properties  of  three  structurally 
stable  austenitic  stainless  steels.  These  stainless  steels  included 
solution  treated  and  quenched  (annealed)  plus  cold  worked  Kromarc  58, 
solution  treated  and  quenched  (annealed)  plus  sensitized  AISI  310  S and 
solution  treated,  quenched  and  aged  A286.  Because  of  their  excellent 
cryogenic  >^racture  toughness  properties,  both  heat  treatments  of  AISI 
310  S and  solution  treated  and  quenched  Kromarc  58  are  especially  attractive 
in  structural  .applications  where  large  critical  flaw  sizes  are  preferred. 

Due  to  superior  fatigue  crack  growth  rate  properties,  A286  is  particularly 
appealing  in  low  temperature  s ructural  applications  requiring  high  cyclic 
lifetimes.  CoJd  worked  Kromarc  58  is  best  utilized  in  cryogenic  structural 
appli ’.ations  whe  re  vieid  strengths  ir  excess  of  200  ksi  (1379  MPa)  a^e 


desired . 


INTRODUCTION 


» 


P 


I 


I 


t 


» 


The  advent  and  necessity  of  increasingly  more  cryogenic  and/or 

(1-5) 

superconducting  devices  in  our  energy  conscious  economy  has  created 

a strong  demand  by  designers  for  the  material  properties  necessary  to 

insure  immunity  from  structural  failure  of  these  systems.  Thus  far  the 
most  popular  candidate  materials  for  structural  applications  below 

(1-3) 

-320°F  (77  K)  are  austenitic  stainless  steels  and  superalloys,  many 

of  which  were  basically  developed  for  high  temperature  applications. 
Recently,  a few  ferritic  based  materials  were  produced  which  demonstrated 
good  cryogenic  fracture  toughness  properties . These  ferritic  based 
materials  are  not  commercially  available,  however,  and  should  be  regarded 
as  experimental  in  nature.  Obviously,  the  vast  majority  of  materials 
suitable  for  cryogenic  structural  applications  are  still  inadequately 
characterized  for  full  confidence  in  potentially  high  risk  low  temperature 
application  areas  where  fail  safe  performance  is  required. 

As  a result,  both  mechanical  and  fracture  mechanics  material 
properties  of  three  austenitic  stainless  steels  presently  employed  in 
cryogenic  structural  applications  were  determined.  These  stainless 
steels  included  solution  treated  and  quenched  (annealed)  plus  cold 
worked  Kromarc  58,  solution  treated  and  quenched  (annralec ; pi  u 
solution  treated  and  furnace  cooled  (sensitized)  AI?I  310  ^ ind  solut: un 
treated,  quenched  and  aged  A286.  Tensa^le,  nor-ncd  tens-',  , 
plastic  fracture  toughness  and  fatigue  crack  grr-v*  a ri_e  t acts  were 


» 
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performed  at  temperatures  down  to  -452°F  (4  K) . A basic,  parametric 
linear  elastic  fracture  mechanics  analysis  was  also  included  to  assist 
in  grading,  selecting  and  utilizing  these  materials  for  future  advanced 
cryogenic  structural  applications. 


2 


MATERIALS 


■( 


) 


I 


f 


t 


t 


The  auatenitic  stainless  steels  explored  included  Kromarc  58, 
AISI  310  S and  A286.  Chemical  compositions,  heat  treatments  and 
processing  schedules  relative  to  these  materials  are  presented  in 
Table  1.  Starting  form  for  both  the  Kromarc  58  and  AISI  310  S were 
plates  with  respective  thicknesses  of  1.0  in.  (2.54  cm)  and  0.625  in. 

(1.6  cm)  while  the  A286  was  received  as  a 5.5  in.  (14  cm)  square  forging. 
Kromarc  58,  a wrought  version  of  the  cast  Kromarc  55  stainless  steel 
formally  utilized  in  large  cryogenic  bubble  chambers , was  examined 
in  both  the  solution  treated  and  quenched  (STQ)  plus  cold  worked  (CW) 
conditions.  Kronarc  58,  a fully  austenitic  stainless  steel,  is  normallv* 
not  hardenable  by  thermal  treatment  and  as  such  proved  an  excellent 
material  with  which  to  evaluate  the  influence  of  cold  work  on  strength 
and  fracture  properties  at  cryogenic  temperatures.  Initial  one-inch 
thick  plates  of  Kromarc  58  were  cold  rolled  to  a thirty  percent  reduction 
in  thickness.  Reductions  were  made  in  approximately  0.02  in.  (0.05  cm) 
increments  with  no  intermediate  anneals  employed.  No  evidence  of  cracking 
was  detected  during  or  subsequent  to  the  cold  rolling  operations. 


* 

Kromarc  58  is  a registered  trademark  of  the  Westinghouse  Electric 
Co rporation. 

Wliile  not  normally  considered  Iiardenable  by  heat  treatment,  Hull^^^^  has 
reported  a substantial  hardness  increase  (n.  70  points  DPH)  obtained  in  cold 
worked  material  followed  by  aging  for  4 hrs  at  600°  to  1000°F  (589  to  811  K) . 
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A common  question  regarding  cold  working  is  whether  an 
anisotropic  texture  exists  in  the  as  cold-rolled  plate  sufficient  to 
cause  an  appreciable  degradation  of  mechanical  or  fracture  properties 
under  specific  orientations  of  load  application.  To  determine 
specifically  the  nature  and  extent  of  any  such  texturing,  a series  of 
automatic  x-ray  pole  figures  were  conducted  essentially  according  to 
the  ASTM  Standard  Method  for  Preparing  Quantitative  Pole  Figures  of 
Metals  (E  81-63).  Details  of  the  pole  figure  analysis  are  available 
through  Ref.  12.  It  is  sufficient  to  state  that  a fairly  complex 
deformation  texture  does  develop  in  a nitrogen  strengthened  austenitic 
stainless  steel  parallel  to  the  rolling  direction  after  approximately 
thirtv  percent  cold  work.  Furthermore,  the  character  of  this  deformation 
did  alter  through  the  thickness  of  the  Kromarc  58  plate.  Effects  of 
texturing  were  studied  by  conducting  mechanical,  fracture  and  fatigue 
crack  growth  rate  tests  on  specimens  loaded  either  normal  or  parallel 
to  the  p. ate  rolling  direction  (orientations  T-L  and  L-T  per  ASTM  E399-74, 
respectively) . 

AISI  310  S,  a low  carbon  (0.08  C max.)  version  of  AISI  310 
stainless  steel  (0.25  C max.)  has  been  structurally  utilized  in  a 5 MVA 
Westinghouse  superconducting  generator.^  ^ AISI  310  S was  studied  in  both 
the  STQ  and  solution  treated  and  furnace  cooled  (STFC,  sensitized) 
conditions.  Since  sensitizing  (slow  cooling)  has  a similar  influence  on 
base  material  properties  as  welding,  the  sensitizing  heat  treatment 
provided  an  estimate  of  the  expected  degradation  in  fracture  mechanics 
properties  in  the  heat  affected  zones  of  weldments. 
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A286  stainless  is  a precipitation  hardenable  austenitic  alloy 
often  referred  to  as  ASTM  A453  and  sometimes  designated  AISI  660.  This 
alloy  can  be  strengthened  via  heat  treatment  and  was  analyzed  in  the 
solution  treated,  quenched  and  aged  (STQA)  condition.  A2E6  has  also 
been  structurally  utilized  in  cryogenic  environments. 
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EXPERIMENTAL  PROCEDURES 


Fracture  Touehness 


The  well  documented  linear  elastic  (K^  ) fracture  criterion 

Ic 


with  its  inherent  plane  strain  specimen  size  limitation  cannot  produce 


valid  fracture  toughness  results  (per  the  ASTM  Test  for  Plane  Strain 


Fracture  Toughness  of  Metallic  Materials,  E399-74)  on  tough  austenitic 


stainless  steels  unless  specimens  of  very  large  thickness  are  employed, 


which  in  turn  are  not  representative  of  the  cross-sectional  thicknesses 


found  in  actual  cryogenic  structures.  Furthermore,  if  a failure  should 


occur,  proper  design  of  cryogenic  structures  or  components  would  cause 


these  structures  or  components  to  fail  plastically  (elastic  plastic 


fracture)  as  opposed  to  catastrophically  (linear  elastic  fracture) . 


Therefore,  the  fracture  toughness  of  Kromarc  58,  AISI  310  S and  A286 


was  obtained  via  the  elastic  plastic  (Jj^,)  fracture  criterion^^^’^'^^ 


and  associated  resistance  curve  test  technique. 


A thorough  description  of  the  resistance  curve  test  technique 


is  given  in  Ref.  15.  Briefly,  the  testing  procedure  is  to:  (a)  load 


a deeply  notched  fatigue  precracked  compact  specimen  of  ASTM  E399-74 


design  to  a predetermined  J level  in  the  region  where  crack  extension 


anticipated;  (b)  unload  and  heat  tint  the  specimen  to  mark  the 


crack;  (c)  pull  the  specimen  apart  and  measure  crack  extension  (Aa) 


from  the  exposed  fracture  surface.  J is  calculated  from  the  load- 


displacement  record  and  specimen  dimensions  using  the  approximation  of 

D ^ ^ ^ (16) 

i O ^ -w.  -1  A «<v  1 ^ 4- ^ ^ T i t ^ A< 


The  result  of  a test  series  is  plotted  as  J versus  Aa 


In  the  majority  of  J tests,  some  measurable  deformation  at  the 
crack  tip  precedes  material  separation.  Apparent  crack  extension 
therefore  includes  a contribution  due  to  deformation  in  addition  to 
actual  material  separation. 

To  account  for  apparent  crack  extension  due  to  deformation, 
the  straight  line  given  by  the  equation  J = 2a^Aa  was  plotted  on  each 
J versus  Aa  graph,  where  o^  is  a flow  stress  midway  between  the  material's 
yield  and  ultimate  stresses.  The  intersection  of  the  J versus  Aa  curve 
and  the  straight  line  of  slope  20^.  represents  the  initial  point  of  material 
separation  and  as  such  is  the  critical  value  of  J Corresponding 


K values  were  calculated  from  the  relationship  between  elastic  plastic 
Ic 


(13,17) 


and  lineal  elastic  fracture  mechanics  parameters. 

All  fracture  toughness  tests  were  conducted  on  0.5  in.  (1.27  cm) 
thick  compact  tension  (CT)  specimens,  except  for  the  1.0  in.  (2.54  cm) 
thick  A286  specimens  tested  at  room  temperature.  The  tests  were 
performed  on  a servo— hydraulic  test  machine  using  stroke  control  at  a ram 
rate  of  0.005  in. /sec.  (0.127  m/sec).  All  fracture  toughness  specimens 
were  precracked  at  room  temperature  in  accordance  with  ASTM  E399  require- 
ments on  maximum  fatigue  stress  intensity.  Displacement  was  measured  with 
a hermetically  sealed  linear  variable  differential  transformer  (LVDT) 
attached  to  the  specimen  front  face  and  immersed  along  with  the  specimen 
in  the  cryogen. 

Crack  Growth  Rate 


All  fatigue  crack  growth  rate  tests  were  conducted  on  half 
inch  (1.27  cm)  thick  vredge  open  loading  (WOL)  geometry  compact  tension 
specimens  V7hich  were  precracked  at  room  temperature  in  accordance  with 


m 


ASTM  E399  requirements  on  maximum  fatigue  stress  intensity.  These  tests 


were  performed  on  a universal  hydraulic  fatigue  machine  under  sinsoidal 


tension  loading.  The  maximum  alternating  load  (AP)  was  maintained  constant 


throughout  each  individual  test.  Test  frequency  equalled  10  Hertz.  Since 


crack  growth  rates  can  be  influenced  by  abrupt  temperature  changes,  the 


crack  growth  rate  was  allowed  to  stabilize  before  data  were  accepted 


as  valid. 


Instantaneous  crack  length  was  determined  by  first  measuring 


specimen  crack  opening  displacement  with  an  LVDT  attached  to  the  specimen 


front  face  and  finally  transforming  this  crack  opening  displacement  value 


via  specimen  compliance  into  crack  length.  Specimen  compliance  was 


determined  from  a test  procedure  originally  developed  by  Novak  and  Rolfe. 


Growth  rates  were  established  by  means  of  a computerized  curve-fitting 

(19) 


analysis  of  the  crack  length  versus  number  of  elasped  cycles  data. 


Compact  tension  (CT)  and  WOL  specimen  orientations  according 


to  the  Crack  Plane  Orientation  Identification  Code  per  ASTM  Test  Method 


E399-74  are  included  in  Table  3. 
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RESULTS 


Tensile 

Smooth-bar  uniaxial  tensile  tests  were  conducted  to  determine 
the  0.2  percent  offset  yield  strength,  ultimate  strength,  reduction  in 
area  and  elongation  of  Kromarc  58,  AISI  310  S and  A286  stainless  steels. 
Tensile  specimen  geometry  was  0.20  in.  (0.51  cm)  diameter  with  a 1.00  in. 
(2.54  cm)  gauge  length.  All  tensile  as  well  as  notched  tensile  specimens 
^0^0  oriented  so  their  loading  directions  matched  those  of  the  corresponding 
CT  and  WOL  specimens.  For  the  most  part,  each  tensile  data  point  is  the 
average  of  two  tensile  tests. 

The  tensile  properties  of  STQ  and  cold  worked  Kromarc  58  are 
presented  in  Fig.  1.  Cold  working  Kromarc  58  produced  a substantial 
increase  in  yield  and  ultimate  strengths,  especially  at  room  temperature, 
combined  with  a moderate  drop  in  area  reduction  and  a substantial  decrease 
in  elongation.  Yield  and  ultimate  strengths  of  Kromarc  58  were  essentially 
independent  of  specimen  orientation  although  cold  worked  Kromarc  58 
specimens  loaded  parallel  to  the  rolling  direction  realized  moderately 
superior  area  reduc cions  and  slightly  greater  elongations  at  all  test 
temperatures. 

Figure  2 illustrates  the  tensile  properties  of  STQ  and 
sensitized  AISI  310  S.  Compared  with  Kromarc  58  and  A286  the  310  S 
demonstrated  the  largest  temperature  dependence  of  both  yield  and 
ultimate  strength.  Sensitizing  310  S produced  an  insignificant  strength 


decrease,  although,  except  for  room  temperature  elongation,  the  ductility 

of  sensitized  310  S is  inferior  to  that  of  STQ  310  S.  The  ductility 

displayed  by  310  S is  substantial  even  at  cryogenic  temperatures,  however, 

and  is  comparable  with  that  of  Kromarc  58. 

The  -452‘’F  (4  K)  values  of  yield  strength,  ultimate  strength 

and  elongation  developed  at  Westinghouse  on  AISI  310  S compare  quite 

closely  with  those  published  by  Nachtigall. In  addition,  our 

strength  values  are  slightly  greater  than  those  reported  by  Tobler,  et  al. 

(21) 

at  all  three  test  temperatures. 

The  tensile  properties  of  STQA  A286  are  illustrated  in  Fig.  3. 

Unlike  Kromarc  58  and  310  S,  the  yield  and  ultimate  strengths  of  A286 

increased  only  moderately  with  decreasing  temperature.  A common 

criticism  of  many  austenitic  materials  concerns  their  strength  retention 

with  increasing  temperatures.  Clearly,  the  moderate  temperature 

dependence  of  both  the  yie]d  and  ultimate  strengths  demonstrated  by  A286 

gives  this  material  a decided  advantage  when  compared  with  either  STQ 

Kromarc  58  or  STQ  and  sensitized  310  S.  \*Jhereas  the  strength  superiority 

of  A286  is  modest  at  best  at  liquid  helium  temperature,  its  strength 

advantage  increases  significantly  as  temperature  increases  toward  ambient. 

The  ductility  of  A286  is  relatively  constant  v?ith  temperature  and, 

(22) 

although  comparable  with  that  reported  for  Inconel  X750  and 
(23) 

Inconel  706,  is  well  below  that  demonstrated  by  Kromarc  58  and  310  S. 

A major  area  of  concern  in  dealing  V7lth  austenitic  stainless 
steels  for  structural  applications  at  cryogenic  temperatures  (especially 
the  300  series)  is  their  ability  to  remain  stable  relative  to  martensitic 
transformation  when  repeatedly  cooled  to  cryogenic  temperatures. 


10 


plastically  strained  or  subjected  to  sensitizing  heat  treatments.  For 
example,  Guntner  and  Reed  reported  that  the  martensitic  transformation 
in  austenitic  stainless  steels  can  produce  a wide  range  of  mechanical 
properties,  depending  ontlie  test  variables  and  the  initial  alloy 
condition. Fortunately,  several  studies  which  examined  the  structural 
and  magnet,  Ic  stability  of  austenitic  stainless  steels  have  been 
completed. It  is  interesting  to  note  that  Larbalestier  and  King 
investigated  the  structural  and  magnetic  properties  of  fifteen  austenitic 
stainless  steels  and  found  that  only  the  high  alloy  310  and  Kromarc  55 


steels  remained  fully  austenitic  after  deformation  to  rupture  at  -452°F 
(4  To  conclude,  no  austenite  to  martensite  structural  transformations 

were  observed  by  the  authors  on  the  Kromarc  5&,  AISI  310  S or  A286  stainless 
steels  included  in  the  present  work. 

Notched  Tensile 

Notched  tensile  tests  serve  to  screen  the  notch  toughness  of 
materials  in  terms  of  a comparison  parameter  defined  as  the  ratio  of 
notched  tensile  fracture  strength  to  the  unnotched  tensile  yield  strength 
of  a particular  material  for  a specific  notch-acuity.  Increasing  values 
of  the  ratio  above  1.0  are  considered  to  indicate  increasing  ability  of 
the  material  for  plastic  deformation  at  the  notch  tip.  Stated  alterna- 
tively, increasing  values  of  the  ratio  above  1.0  can  be  utilized  as  a 
measure  of  the  material’s  resistance  to  catastrophic  brittle  fracture. 

In  all  cases  the  root  radius  at  the  bottom  of  a particular 
test  specimen's  sharp  V— notch  was  adjusted  to  yield  a stress  concentration 
factor  (Kj.)  equivalent  to  10.  It  should  be  pointed  out  that  the  notched 
tensile  fracture  strength  was  calculated  by  dividing  the  maximum  load 
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e;:;perienced  by  a test  specimen.,  or  in  a few  cases  where  the  load  dropped 
slightly  before  failure  dividing  the  fracture  load,  by  its  original  as 
opposed  to  final  cross  sectional  area.  This  was  largely  due  to  the  great 
difficulty  in  accurately  measuring  the  extremely  small  change  in  test 
section  diameter  (hence  cross-sectional  area)  experienced  by  the  test 
specimen. 

The  notched  tensile  properties  of  Kromarc  58  and  AIRI  310  S 
stainless  steels  are  summarized  on  Table  2.  No  notched  tensile  tests 
were  performed  on  A286.  For  the  two  materials  investigated  regardless 
of  heat  treatment,  processing  or  test  temperature,  the  ratio  of  notched 
tensile  fracture  strength  to  tensile  yield  strength  was  always  greater 
than  one,  the  minimum  value  equaling  1.6. 

Fracture  Toughness 

The  fracture  toughness  values  of  Kromarc  58,  AISI  310  R and 

A286  stainless  steels  are  summarized  in  Table  3 while  the  associated 

resistance  curves  are  illustrated  in  Figs.  4 through  6,  respectively. 

^Ic  ’^Ic  2 

For  comparison  purposes , the  ratios  and  (— — are  also  included  in 

'^ys  ys 

Table  3.  Typically  the  material  with  the  highest  - — ratio  is  the 

(28) 

toughest  material  for  a given  application.  The  plane  strain  crack 

^Ic  2 

size  factor  ( ) provides  a measure  of  toughr  ^ss  that  accounts  in  a 

ys 

single  parameter  for  the  interactions  of  and  strength  on  crack  size 

(29  30)* 

tolerance.  ’ Rtated  alternatively,  when  conducting  a parametric 


A 

The  crack  size  factor  is  not  related  to  critical  crack  size  at  a stress 
equal  to  the  yield  strength  but  only  under  small-scale  yielding>  that  is 
at  applied  stresses  appreciably  below  the  yield  strength . (29 , 30) 
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fracture  mechanics  analysis  (that  is,  the  applied  stress  is  considered 

a fixed  percentage  of  the  particular  material's  yield  strength),  the 

critical  defect  size  for  failure  in  one  cycle  of  loading  will  be 

( 28  ^ 

proportional  to  the  crack  size  factor. 

While  cryogenic  structural  applications  certainly  exist  where 
a yield  strength  in  excess  of  200  ksi  (1379  MPa)  is  desirable  and  cold 
worked  Kromarc  58  is  an  ideal  choice,  to  obtain  the  35  percent  strength 
increase  which  resulted  from  cold  working  the  Kromarc  58  necessiated  an 
even  larger  sacrifice  (42  percent  decrease)  in  fracture  toughness.  Also, 
cold  worked  Kromarc  58  was  the  only  stainless  steel  to  yield  a crack 
size  factor  less  than  one.  Fortunately,  at  this  level  of  cold  work 
(30  percent)  the  Kromarc  58  does  not  contain  an  especially  weak  fracture 
plane.  The  -452“F  (4  K)  fracture  toughness  for  the  T-L  and  L-T 
orientations  varies  by  only  8.7  ksi  An.  (9.6  MPa/iii) . The  corresponding 
difference  in  yield  strength  equals  just  2.4  ksi  (16.5  MPa). 

Of  the  three  stainless  steels  investigated,  STO  AISI  310  S 
produced  the  greatest  fracture  toughness  and  largest  crack  size  factor 
in  combination  with  its  moderate  yield  strength.  The  -452°F  (4  K)  fracture 
toughness  value  for  STQ  310  S is  slightly  higher  than  that  reported  by 
Tobler,  et  al. on  commercial  annealed  310  S at  -320°F  (77  K) . 
Sensitizing  the  310  S produced  a significant  decrease  (31  percent)  in 
liquid  helium  temperature  fracture  toughness  although  the  corresponding 
strength  levels  remained  unchanged.  Even  so,  tlie  crack  size  factor 
for  sensitized  310  S is  still  greater  than  those  which  represent  Kromarc 


58  and  A286. 


Recall,  -i.  sensitizing  heat  treatment  was  employed  to  provide 


an  estimate  of  the  expected  degradation  in  fracture  mechanics  properties 


in  the  heat  affected  zones  of  weldments.  It  is  interesting  to  note 


that  tests  at  -452°F  (4  K)  on  non  post  weld  heat  treated  AISI  310  S 


shielded  metal  arc  v;elds produced  a weld  fusion  zone  fracture 
toughness  of  106.5  ksiv^ri7  (H7.9  MPa/in) , which  was  35  percent  below  that 


of  sensitized  310  S. 


Both  the  A286  stainless  steel  liquid  helium  temperature  fracture 


toughness  and  crack  size  factor,  although  quite  attractive  from  a fracture 


mechanics  structural  reliability  standpoint,  surpass  only  those  relative 


to  cold  worked  Kromarc  58.  Also,  the  fracture  toughness  of  A286  is  11 


percent  less  at  room  temperature  than  at  liquid  helium  temperature.  This 


trend  toward  slightly  decreasing  fracture  toughness  with  increasing 


temperature  was  further  exemplified  by  additional  J tests  at  400  F (477  K) 
•%  rirtr\Oii  /mn  ir\  (32) 


and  800°F  (700  K) . 


Reed,  et  al.^^^^  obtained  fracture  toughness  values  ranging 


from  107  ksi/inT  (118  MPa/in)  to  114  ksi/in.  (126  MPa/in)  over  the 


temperature  range  — 452°F  (4  K)  to  75  1 (297  K)  on  an  A286  stainless  steel 


of  almost  identical  chemical  composition  and  heat  treatment.  Although 


Reed's  fracture  toughness  and  yield  strength  values  were  significantly 


below  the  Westinghouse  values  regardless  of  temperature,  Reed's  specimens 


were  machined  in  the  T-S  orientation  while  our  specimens  were  oriented 


in  the  L-T  direction.  /.Ithough  this  variation  in  material  properties 


may  be  attributed  to  material  structural  differences,  most  likely  the 


two  distinct  specimen  orientations  accounted  for  the  large  variation  in 


mechanical  and  fracture  toughness  properties. 


Despite  this  large  variation  in  material  properties,  both  steels 

demonstrated  a moderate  insensitivity  of  fracture  toughness  to  temperature 

over  the  temperature  range  -452“F  (4  K)  to  75“F  (297  K) . This  behavior 

is  typical  of  structurally  stable  austenitic  materials  whereby  the 

(12  21-23  33) 

fracture  toughness  essentially  remains  constant  with  temperature.  ’ ’ ' 

Crack  Growth  Rate 

The  fatigue  crack  grox^th  rate  (FCGR)  data  generated  on  Kromarc  58, 
AISI  310  S and  A286  stainless  steels  are  presented  in  Figs.  7 through  9, 
respectively.  The  raw  log  ^ versus  log  AK  data  relative  to  each  of  these 
materials  demonstrated  the  nearly  linear  relationship  typical  of  most  FCGR 
data.  Since  this  linear  relationship  existed,  the  crack  growth  rate  data 
was  stated  in  terms  of  the  generalized  fatigue  crack  growth  rate  law 

(34) 

developed  by  Paris.  This  crack  growth  rate  law  is  expressed  as: 

t “ ^o 

ds 

where  is  the  rate  of  crack  growth,  C^  is  an  intercept  constant  deter- 

ds 

mined  from  the  log  versus  log  AK  plot,  n is  the  slope  of  the  log-log 
plot  and  AK  is  the  stress  intensity  factor  range. 

The  cryogenic  fatigue  crack  growth  rate  properties  of  Kromarc  58 
are  Independent  of  whether  the  Kromarc  58  was  solution  treated  and  quenched 
or  cold  worked.  This  is  quite  unlike  its  yield  strength  and  fracture 
toughness  properties,  which  respectively  increasec  35  percent  and  decreased 
42  percent  at  -45 2° F (4  K)  when  cold  worked.  At  room  temperature,  however, 
the  growth  rate  of  fatigue  cracks  is  faster  in  STQ  as  opposed  to  cold 
worked  Kromarc  58.  Also,  for  both  conditions  of  Kromarc  58  there  is  no 
measurable  difference  in  growth  rates  between  -320°F  (77  K)  and  -452“F  (4  K) . 


Furthermore,  the  room  temperature  and  cryogenic  FCGR  properties 


steel  decreased  tremendously  with  decreasing  temperature  over  the 


of  cold  worked  Kromarc  58  are  independent  of  specimen  orientation. 


Therefore,  Kromarc  58  can  be  cold  worked  without  creating  specially 


oriented  planes  with  exceptionally  low  resistance  to  catastrophic  fracture 


or  fatigue  crack  propagation. 


Finally,  the  growth  rate  of  fatigue  cracks  in  Kromarc  58  at 


room  temperature  is  significantly  greater  than  at  cryogenic  temperatures 


regardless  of  test  specimen  orientation  or  whether  the  Kromarc  58  was 


solution  treated  and  quenched  or  cold  worked.  This  behavior  is  further 


substantiated  by  the  data  of  Fig.  9,  which  reveals  that  the  growth  rate 


of  fatigue  cracks  in  A286  is  directly  proportional  to  temperature; 


that  is , the  higher  the  temperature  the  greater  the  fatigue  crack 


propagation  rate.  James  has  reported  a direct  extension  of  this  behavior 


over  the  temperature  range  75°F  (297  K)  to  1000°F  (811  K)  on  a similar 


(35) 

A286  stainless  steel.  Furthermore,  higher  grov;th  rates  at  ambient 


as  opposed  to  cryogenic  temperatures  were  previously  observed  by 


Westinghouse  on  Inconel  X750^^^’  and  on  AISI  310  A286^^^’  ^^^an 


Inconel  X750''  by  the  National  Bureau  of  Standards  Cryogenic  Division. 


Therefore,  a general  trend  previously  reported  applicable  to  structurally 


stable  austenitic  materials  has  been  verified  xjhereby  the  growth  rate  of 


fatigue  cracks  at  room  temperature  is  substantially  greater  than  at 


cryogenic  temperatures. 


Tobler  has  reported  fatigue  crack  growth  rates  on  a 21-6-9 


stainless  steel  faster  at  -452°F  (4  K)  than  at  -320“F  (77  K)  or  room 


temperature . 


In  addition, the  fracture  toughness  of  this  stainless 


temperature  range  75°F  (297  K)  to  -452“?  (4  K) ■ 


During  plastic 


deformation  at  room  temperature  this  alloy  experienced  little  martensitic 


phase  transformation,  but  at  -320“F  (77  K)  and  -452°F  (4  K)  it  transformed 


extensively  to  hep  and  bcc  martensitic  products  and  is  therefore  not  a. 

(37^ 
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The  FCGR  properties  of  AISI  310  S are,  like  its  strength 


properties.  Independent  of  heat  treatment  (see  Fig.  8).  Also,  there  is 


no  measurable  difference  in  growth  rates  between  -320°F  (77  K)  and 


-452°F  (4  K)  for  this  material. 


The  cryogenic  FCGR  properties  developed  through  this  investigation 


on  310  S compared  closely  with  those  published  by  Tobler,  et  al.  on  a 


f21  "^8^ 

commercial  annealed  310  S.  ’ Although  this  work  contains  no  room 


temperature  FCGR  data  on  310  S,  Tobler  reported  room  temperature  growth 


rates  on  310  S significantly  faster  than  those  at  cryogenic  temperatures. 


A comparison  of  the  room  and  liquid  helium  temperature  FCGR 


properties  of  Kromarc  58,  AISI  310  S and  A286  is  presented  in  Fig.  10. 


At  -452“F  (4  K) , the  most  favorable  FCGR  properties  are  associated  with 


A286,  followed  in  order  of  increasing  growth  rates  by  Kromarc  58  and  310  S, 


At  room  temperature,  the  FCGR  properties  of  cold  worked  Kromarc  58  and 


STQA  A286  are  essentially  Identical  while  the  fastest  growth  rate  is 


demonstrated  by  STQ  Kromarc  58. 


DISCUSSION  - EXAMPLE  PROBLEM 


To  more  appropriately  grade,  select  and  utilize  these 

austenitic  stainless  steels  for  structural  service  in  cryogenic 

environments  a basic  linear  elastic  fracture  mechanics  analysis  v?as 

conducted  employing  the  -452°F  (4  K)  mechanical  and  fracture  mechanics 

data  developed  through  this  investigation.  Each  material  was  proposed 

for  a structural  application  where  the  applied  nominal  and  cyclic 

stresses  were  assumed  equivalent  to  75  percent  of  the  particular 

material's  yield  strength  (o/o  = 0.75). 

ys 

The  defect  geometry  considered  was  a 10  to  1 length  to  depth 

ratio  elliptical  surface  crack  oriented  with  the  major  crack  plane 

perpendicular  to  a uniform  tension  stress  field.  The  pertinent  stress 

(39) 

intensity  expression  for  this  configuration  is 

k/  = -----I----  (2) 


where  K^.  = nominal  stress  intensity  factor 
a = surface  crack  depth 
a = applied  nominal  stress 
0 = flaw  shape  parameter  (from  Fig.  11). 

The  flaw  shape  parameter  (Q)  permits  evaluation  of  defect  severity  by 
accounting  for  surface  or  internal  defects  with  various  length  to  depth 
ratios.  The  flaw  shape  parameter  Q is  obtained  from  Fig.  11,  which  also 
illustrates  prototype  surface  and  internal  defects  and  the  necessary 
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dimensions  required  for  obtaining  length  to  depth  ratios.  For  the  case 
of  a 10  to  1 length  to  depth  ratio  elliptical  surface  defect  where  o/o.^  ^ 
equals  0.75,  Q equals  0.98. 

The  initial  step  in  conducting  a fracture  mechanics  analysis 
is  to  calculate  the  critical  flaw  sizes  necessary  to  cause  failure  of  our 
hypothetical  stainless  steel  structures  in  one  cycle  of  loading  when 
subjected  to  a liquid  helium  environment  at  applied  stress  levels 
equivalent  to  75  percent  of  the  appropriate  material’s  yield  strength. 

If  the  terms  in  Eq.  2 are  rearranged  and  and  "a"  are  respectively 


set  equal  to  and  a , the  following  critical  flaw  size  expression  is 
Xc  cir 


obtained 


cr  " 2 

1.21  TT  a 


(3) 


Substituting  the  appropriate  values  of  applied  stress  (see  Table  4) , K.  ^ 
(see  Table  3)  and  Q (0.98)  into  the  above  expression  vields  the  critical 

flaw  sizes  presented  in  Table  4. 

By  combining  these  critical  flaw  sizes  with  the  -452°F  (4  K) 
fatigue  crack  growth  rate  properties  of  Kromarc  58,  AISI  310  S and  A286 
it  is  possible  to  compute  the  number  of  elapsed  cycles  (start  up-shut  down 
cycles)  for  an  existing  subcritical  flaw  to  grow  to  failure.  Wilson  has 
developed  a generalized  cyclic  life  expression  which  readily  determines 
the  number  of  cycles  required  for  an  existing  defect  to  grow  to  the 


critical  flaw  slze.^^^^  This  expression  is  presented  below 
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N = 


[- 


(n  - 2)C  M"''2,„n  - Tn-2)/2  ^ (n-2)/2 

0 1 cr 


] for  n 2 


(4) 


N = In  — ^ for  n = 2 

C MAo"^ 

0 


whero  N = number  of  cycles  to  failure 

n = slope  of  the  log  (da/dN)  vs  log  AK  curve 

= intercept  constant  from  log  (da/dN)  vs  log  AK  curve 

a^  = initial  flaw  size 

a = critical  flaw  size 
cr 

Ao  = alternating  stress  range 

M = flaw  shape  and  geometry  parameter  [for  surface  defects, 

M = (1.21  tt/Q)]. 

The  above  expression  is  applicable  to  those  loading  situations  where  the 

relationship  between  applied  load,  flaw  size  and  stress  intensity  factor 

1/2 

has  the  form  of  = o(Ma)  . In  addition,  it  is  assumed  that  the 
cyclic  stress  range  (Ao)  remains  constant  throughout  the  component  life 
and  that  the  mean  stress  does  not  influence  the  results. 

Solving  this  expression  for  N at  the  various  cyclic  stress 
ranges  of  interest  and  for  a^  values  ranging  from  the  minimum  detectable 
flaw  size  to  the  appropriate  critical  flaw  size  develops  cyclic  life  curves 
which  relate  the  maximum  initial  allowable  flaw  size  to  the  number  of 
cycles  required  to  cause  failure  at  different  stress  levels. 


o 

o' 

k 

0 


0 
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The  resulting  cyclic  life  curves  for  hypothetical  structures 
manufactured  from  Kromarc  58,  AISI  310  S and  A286  stainless  steels  are 
presented  in  Fig.  12.  These  cyclic  life  curves  represent  the  most 
convenient  form  of  presenting  fatigue  life  information  because  either: 

(a)  the  total  life  can  readily  be  determined  from  a knowledge  of  the  defect 
size  known  or  assumed  to  be  present  at  the  start  of  life  or;  (b)  the 
initial  allowable  flaw  sizes  can  be  ascertained  based  on  a desired  cyclic 
structural  lifetime.  For  example,  initial  allowable  flaw  sizes  based  on 
structural  lifetimes  of  1000  and  100  cycles  of  alternating  applied  stress 
are  included  in  Table  4. 

If  cyclic  lifetimes  greater  than  650  cycles  of  alternating 
applied  stress  are  desired  for  our  hypothetical  stainless  steel  structures, 
the  superior  -452°F  (4  K)  FCGR  properties  of  A286  make  this  material  the 
logical  choice  from  a fracture  mechanics  structural  reliability  standpoint. 
For  cyclic  lifetimes  less  than  150  cycles,  however,  the  superior 
cryogenic  fracture  toughness  properties  of  both  heat  treatments  of  AISI 
310  S plus  STQ  Kromarc  58  make  these  materials  more  desirable  than  A286. 
Obviously,  cold  worked  Kromarc  58  is  best  utilized  when  a yield  strength 
level  in  excess  of  200  ksi  (1370  MPa)  is  required.  Naturally,  any 
techniques  employed  to  inspect  our  hypothetical  stainless  steel  structures 
must  be  capable  of  locating  and  defining  some  defect  smaller  than  the 
specified  initial  allowable  flaw  size,  the  exact  size  of  which  depends  on 
the  safety  factors  desired.  Therefore,  it  is  up  to  the  designer  to  input 
whatever  safety  factors  (margins  of  error)  he  desires  for  a specific 
application. 
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CONCLUSIONS 

1.  Solution  treated  and  quenched  (annealed)  plus  cold  worked  Kromarc  58, 
solution  treated  and  quenched  (annealed)  plus  sensitized  AISI  310  S 
and  solution  treated,  quenched  and  aged  A286  stainless  steels  all 
demonstrated  good  low  temperature  mechanical,  fracture  toughness  and 
fatigue  crack  growth  rate  properties  and  as  a result  are  well  suited 
to  cryogenic  structural  applications  requiring  service  at  cryogenic 
temperatures . 

2.  Both  heat  treatments  of  AISI  310  S and  STQ  Kromarc  58  are  especially 
attractive  in  structural  applications  where  large  critical  flaw 
sizes  as  opposed  to  high  cyclic  lifetimes  are  preferred  because  of 
their  excellent  cryogenic  fracture  toughness  properties. 

3.  Due  to  superior  fatigue  crack  growth  rate  properties,  A286  is  particularly 
appealing  in  low  temperature  structural  applications  requiring  high 
cyclic  lifetimes. 

4.  Cold  worked  Kromarc  58  is  best  utilized  in  low  temperature  structural 
applications  where  yield  strengths  in  excess  of  200  ksi  (1379  MPa) 
are  desired. 

5.  Cryogenic  and  ambient  fatigue  crack  growth  rate  tests  on  Kromarc  58 

and  A286  further  verified  a general  trend  previously  reported  applicable 
to  structurally  stable  austenitic  materials  whereby  the  growth  rate  of 
fatigue  cracks  at  room  temperature  is  substantially  greater  than  at 
cryogenic  temperatures. 
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Kromarc  58  can  be  cold  worked  (30  percent)  without  creating  specially 
oriented  planes  with  exceptionally  low  resistance  to  catastrophic 
fracture  or  fatigue  crack  propagation. 

Sensitizing  AISI  310  S produced  a 31  percent  decrease  in  cryogenic 
fracture  toughness  although  the  low  temperature  strength  and  fatigue 
crack  growth  rate  properties  were  unchanged. 


ACKNOWLEDGEMENTS 


The  authors  gratefully  acknowledge  Messrs.  W.  H.  Prvle 


D.  R.  Young,  R.  R.  Hovan,  A.  R.  Petrush,  W.  H.  Halligan  and  R.  C.  Brown 


for  their  contributions  to  the  experimental  phases  of  this  investigation 


This  work  was  supported  in  part  by  National  Bureau  of  Standards 


The  views  and  conclusions  contained  in  this 


document  are  those  of  the  authors  and  should  not  be  interpreted  as 


implied,  of  the  Advanced  Research  Projects  Agency  or  the  United  States 


Government 


REFERENCES 


1.  Mole,  C.  J.  and  Sterrett,  C.  C.,  "A  Superconducting  Machine  for 
Central  Station  Power  Generation,"  Proceedings  of  the  American 
Power  Conference,  Vol.  35,  1973,  pp.  1035-1047. 

2.  Blaugher,  R.  D.,  Fagan,  T.  J.,  Parker,  J.  H.,  Jr.,  Wells,  J.  M.  and 
McCabria,  J.  L.,  "A  High  Speed  Superconducting  Generator,"  Proc. 

Int],.  Cryogenic  Engineering  Conference,  1974,  Kyoto,. Japan  (to  be 
published) . 

3.  Parker,  J.  H.,  Jr.,  Blaugher,  R.  D.,  Patterson,  A.,  Vecchio,  P.  D. 
and  McCabria,  J.  L.,  "A  High  Speed  Superconducting  Rotor," 
Westinghouse  Scientific  Paper  74-8J2-SCGEN-P2,  October  1974. 

4.  Kirtley,  J.  L.,  Jr.,  Smith,  J.  L.,  Jr.,  Thullen,  P.  and  Woodson,  H.  H. 
"MIT-EEI  Program  on  Large  Superconducting  Machines,"  Proc.  IEEE, 

Vol.  61,  No.  1,  January  1973,  pp.  112-115. 

5.  Smith,  J.  L.,  Jr.,  Kirtley,  J.  L.,  Jr.  and  Thullen,  P., 
"Superconducting  Rotating  Machines,"  IEEE  Trans,  on  Magnetics,  MAG-11, 
No.  2,  March  1975. 

6.  Jin,  S.,  Morris,  J.  W.,  Jr.  and  Zackay,  V.  F.,  "An  Iron-Nickel- 
Titanium  Alloy  with  Outstanding  Toughness  at  Cryogenic  Temperatures," 
Univ.  of  California,  Berkeley,  Report  MSE  73-2,  July  1973. 

7.  Jin,  S.,  Whitaker,  B.,  Morris,  J.  W. , Jr.  and  Zackay,  V.  F., 
"Cryogenic  Toughness  Through  Microstructure  Control  in  an  Iron- 
Nickel-Titanium  Alloy,"  Properties  of  Materials  for  Liquefied  Natural 
Gas  Tankage,  ASTM  STP  579,  American  Society  for  Testing  and  Materials 

1975,  pp.  348-360.  25 


Schanfein,  M.  J.,  Yokota,  M.  J.,  Zackay,  V.  F. , Parker,  E.  R.  and 


Morris,  J.  W. , Jr.,  "Cryogenic  Properties  of  Iron-Manganese  and  Iron 


Manganese-Chromium  Alloys,"  Properties  of  Materials  for  Liquefied 


Natural  Gas  Tankage,  ASTM  STP  579,  American  Society  for  Testing  and 


Materials,  1975,  pp.  361-377. 


Jin,  S.,  Hwang,  S.  L.  and  Morris,  J.  W. , Jr.,  "Comparative  Fracture 


Toughness  Testing  of  Cryogenic  Alloys  at  Liquid  Helium  Temperature," 


University  of  California,  Berkeley,  Technical  Report  No.  5,  ONR 


Contract  No.  N000l4-69-A-02>J0— 1062,  NR031-762,  August  1974. 


Goodzeit,  C.  L.,  "Evaluation  of  Stainless  Steel  Casting  Alloys  for 


Cryogenic  Service  in  the  80-Inch  Liquid-Hydrogen  Bubble  Chamber," 


Advances  in  Cryogenic  Engineering,  Vol.  10,  Paper  A-3,  1965, 


pp.  26-36. 


Hull,  F.  C.,  "Cryogenic  Tensile  Properties  of  Cold  Rolled  Kromarc  58 


Stainless  Steel  Sheet,"  Westinghouse  Research  Report  67-1D6-KR0MA-R1 


May  1967 . 


Wells,  J.  M.  , Logsdon,  W.  A.,  Kossowsky,  R.  and  Daniel,  M.  R. , 


"Structural  Materials  for  Cryogenic  Applications,  Third  Semi-annual 


Technical  Report,"  Westinghouse  Research  Report  75-9D4-CRYMT-R1, 


March  1975. 


Begley,  J.  A.  and  Landes,  J.  D. , "The  J Integral  as  a Fracture 


Criterion,"  Fracture  Toughness,  Proceedings  of  the  1971  National 


Symposium  on  Fracture  Mechanics,  Part  II,  ASTM  STP  514,  American 


Society  for  Testing  and  Materials,  1972,  pp.  1-20 


Symposium  on  Fracture  Mechanics , Part  II,  ASTM  STP  514 , American 


Society  for  Testing  and  Materials,  1972,  pp.  24-39. 


15.  Landes,  J.  D.  and  Begley,  J.  A.,  "Test  Results  from  J-Integral 


Studies;  An  Attempt  to  Establish  a Testing  Procedure."  Fracture 


Analysis,  ASTM  STP  560,  American  Society  for  Testing  and  Materials, 


1974,  pp.  170-186, 


16.  Rice,  J.  R. , Paris,  P.  C.  and  Merkle,  J.  G.,  "Some  Further  Results 


of  J-Integral  Analysis  and  Estimates  ,"  Progress  in  Flaw  Growth  and 


Fracture  Toughness  Testing,  ASTM  STP  536,  American  Society  for 


Testing  and  Materials,  1973,  pp.  231-245. 


17.  Begley,  J.  A.,  Landes,  J.  D.  and  Wessel,  E.  T.,  "Fracture  Mechanics, 


A Practical  Tool  for  Preventing  Failures,"  Presented  at  the  Third 


International  Conference  on  Fracture,  Munich,  Germany,  April  1973. 


18.  Novak,  S.  R.  and  Rolfe,  S.  T.,  "Modified  WOL  Specimen  for 


Environmental  Testing,"  Journal  of  Materials,  JMLSA,  Vol.  4,  No.  3, 


September  1969,  pp.  701-728. 


19.  Federowicz,  A.  J.  and  Powell,  E.  A.,  "A  Computer  Program  to  Obtain 


a Min-Max  Regression  Model  by  Linear  Programming,"  Unpublished 


Westinghouse  Research  data. 


20.  Nachtigall,  A.  J.,  "Comparison  of  Tensile  Properties  of  304  L and  310  S 


Stainless  Steels  in  Liquid  Helium,"  NASA  Technical  Memo  TM-X-52703, 


October  1969. 


Tobler,  R.  L.,  Mikesell,  R.  P.,  Durcholz,  R.  L.  and  Reed,  R.  P., 


0 


"Fatigue  and  Fracture  Toughness  Testing  at  Cryogenic  Temperatures," 
in  Semi-annual  Report  on  Materials  Research  in  Support  of  Super- 
conducting Machinery,  NBSIR  74-393,  National  Bureau  of  Standards, 
October  1974,  pp.  57-121. 

Logsdon,  W.  A. , "Cryogenic  Fracture  Mechanics  Properties  of  Several 
Manufacturing  Procef  'Heat  Treatment  Combinations  of  Inconel  X750," 
Presented  at  the  International  Cryogenic  Materials  Conference, 

Kingston,  Ontario,  July  1975. 

Wells,  J.  M. , Logsdon,  W.  A.,  Kossowsky,  R.  and  Daniel,  M.  R., 
"Structural  Materials  for  Cryogenic  Applications,  Fourth  Semi-annual 
Technical  Report,"  Westinghouse  Research  Report  75-9D4-CRYMT-R2, 

October  1975. 

Guntner,  C.  J.  and  Reed,  R.  P.,  "The  Effect  of  Experimental  Variables 
Including  the  Martensitic  Transformation  on  Low  Temperature  Mechanical 
Properties  of  Austenitic  Stainless  Steels,"  Transactions  of  the  ASM, 
Vol.  55,  1962,  pp.  399-419. 

Watson,  J.  F.  and  Christian,  J.  L.,  "A  Study  of  Austenite  Decomposition 
at  Cryogenic  Temperatures,"  Transactions  of  the  Metallurgical  Society 
of  AIME,  Vol.  224,  October  1962,  pp.  998-1005. 

Bhandarkar,  D.,  Zackay,  V.  F.  and  Parker,  E.  R.,  "Stability  and 
Mechanical  Properties  of  Some  Metastable  Austenitic  Steels," 
Metallurgical  Transactions,  Vol.  3,  October  1972,  pp.  2619-2631. 


28 


o 


, V 'Vmn  " 't-'; 


Larbalestier,  D.  C.  and  King,  H.  W.,  "Austenitic  Stainless  Steels 


at  Cryogenic  Temperatures;  1 - Structural  Stability  and  Magnetic 
Properties,"  Cryogenics , Vol.  13,  March  1973,  pp.  160-168. 

Wessel,  E.  T.,  Clark,  W.  G.  and  Wilson,  W.  K.,  "Engineering  Methods 
for  the  Design  and  Selection  of  Materials  Against  Fracture,"  U.  S. 


Army  Tank-Automotive  Center  Report  AD  No.  801005,  June  1966. 


Brown,  W.  F. , Jr.  and  Srawley,  J.  E.,  "Commentary  on  Present  Practice 


Review  of  Developments  in  Plane  Strain  Fracture  Toughness  Testing, 


ASTM  STP  463,  American  Society  for  Testing  and  Materials,  1970,  pp.  216 


Vishnevsky,  C.  and  Steigerwald,  E.  A.,  "Plane  Strain  Fracture  Toughness 


of  Some  Cryogenic  Materials  at  Room  and  Subzero  Temperatures,"  Fracture 


Toughness  Testing  at  Cryogenic  Temperatures,  ASTM  STP  496,  American 


Society  for  Testing  and  Materials,  1971,  pp.  3-26. 

Wells,  J.  M. , Logsdon,  W.  A.  and  Kossov?sky,  R. , . "Evaluation  of 


Austenitic  Stainless  Steel  Weldments  for  Advanced  Cryogenic  Applications 


Westinghouse  Research  data,  to  be  published. 


Sheinker,  A.  A.  and  Logsdon,  W.  A.,  "Mechanical  Properties  and  Fracture 
Toughness  of  Four  Pressurized  Water  Reactor  Structural  Alloys," 


Unpublished  Westinghouse  Research  data,  1975. 

Reed,  R.  Tcbler,  R.  L.  and  Mikesell,  R.  P.,  "The  Fracture  Toughness 
and  Fatigue  Crack  Growth  Rate  of  an  Fe-Ni-Cr  Superallov  at  298,  76, 
and  4 K,"  Presented  at  the  International  Cryogenic  Materials  Conference, 


Kingston,  Ontario,  July  1975. 


G 


34.  Paris,  P.  C. , "The  Fracture  Mechanics  Approach  to  Fatigue,"  Proc. 
Tenth  Sagamore  Army  Materials  Research  Ccnference,  August  1963, 
Syracuse  University  Press,  1964. 

35.  James,  L.  A.,  "The  Effect  of  Temperature  on  the  Fatigue-Crack 
Propagation  Behavior  of  A286  Steel,"  Hanford  Engineering  Development 
Laboratory,  HEDL-TME  75-82,  September  1975. 

36.  Tobler,  R.  L.,  private  communication. 

37.  Tobler,  R.  L.  and  Reed,  R.  P.,  "Tensile  and  Fracture  Behavior  of 

a Nitrogen-Strengthened,  Chromium-Nickel-Manganese  Stainless  Steel 
at  Cryogenic  Temperatures,"  in  Semi-annual  Report  on  Materials 
Research  in  Support  of  Superconducting  Machinery,  NBSIR  75-828, 
National  Bureau  of  Standards,  October  1975,  pp*  131—150. 

38.  Tobler,  R.  L.  and  Reed,  R.  P.,  "Fatigue  Crack  Growth  Rates  of 
Structural  Alloys  at  Four  Kelvin,"  Presented  at  the  International 
Cryogenic  Materials  Conference,  Kingston,  Ontario,  July  1975. 

39.  Irwin,  G.  R. , "Crack  Extension  Force  for  a Part-Through  Crack  in  a 
Plate,"  Journal  of  Applied  Mechanics,  Vol.  29,  Transactions  ASMS, 
Vol.  84,  Series  E,  December  1962. 


30 


O 


Oil 


9 


W-H 

> w 

o ^ r^ 


tr 

•H 

>. 

CO 

o 

o 

vo 

CM 

rH 

(0 

c/: 

•H 

CN 

rH 

CM 

CM 

(U 

H 

CO 

•H 

2 

L> 

JJ 

u 

(U 

CN 

m 

oo 

m 

& 

4 

0 

cC 

00 

vC 

<r 

CO 

M 

1 

r>«. 

CN 

m 

0\ 

m 

rH 

m 

rH 

rH 

CN 

rH 

rH 

(U 

r>«. 

c/: 

fH 

H 

•H 

2 

o\ 

<T 

m 

00 

CO 

•H 

c 

CO 

00 

03 

vO 

cn 

<u 

o 

CN 

O 

a. 

I',* 

H 

O 

CN 

cn 

rH 

rH 

CN 

•a 

fO 

c\ 

0) 

1 

1 

1 I— 1 

• 

o 

vO 

X 

ro 

1 • 

r>«. 

• 

u 

fc 

CO 

CO 

<r 

cn 

4J 

! CO 

CN 

o 

0 

, r>«. 

rH 

vo 

lA 

2 

CO 

•H 

: ^ 

OC 

vo 

CM 

CO 

: <f 

VO 

• 

• 

a: 

1 ^ 

00 

r«- 

CO 

rH 

rH 

03 

CC 

CO 

*H 

. CO 

o 

tn 

vD 

rH 

v: 

•rl 

<s 

rH 

cn 

cn 

H 

CO 

2 

o 

o 

vD 

c« 

rH 

« 

• 

fc 

CO 

00 

CM 

CS 

tn 

Cv 

vD 

W 

c\ 

rH 

r^ 

r^ 

r** 

H 

<T\ 

2 

VO 

tn 

CO 

vD 

cs 

•H 1 

'w< 

co| 

<0 

m 

d 

ft. 

n 

<N 

rH 

rH 

<— 1 

<N 

rH 

rH 

0 

m 

r^ 

<j\ 

cn 

•H 

o 

VD 

rH 

VO 

vD 

CM 

n 

C\ 

CM 

CM 

CO 

?» 

t> 

•H 

00 

n 

OV 

00 

CO 

r>* 

cn 

n 

r>* 

CM 

m 

rH 

n 

CO 

C 

0)  H 

•H 

m 

m 

VD 

O 

p3 

N c/: 

o 

• 

• 

• 

• 

>>4 

•H  < 

2 

m 

o> 

CA 

O c/: 


'sk 

v: 

m 

00 

r>* 

vO 

cn 

CN 

m 

c/2 

•H 

C7V 

o 

P 

cn 

\o 

VO 

Hh 

02 

P 

p 

P 

CN 

P 

P 

P 

' 

d 

s 

H 

< 

C7V 

00 

CJv 

o 

*<r 

."0 

p 

H 

P 

p 

r««. 

00 

cn 

<r 

CN 

C/2 

g|  ^ 

CN 

o 

o 

CN 

P 

p 

P 

SI 

VO 

O 

o 

o 

o 

o 

o 

O 

HP 

00 

0 

CN 

H 

Jn 

< 

•D  P 

H <N 

O 

00 

CN 

o 

m 

m 

CN 

IS$ 

Q 

1 

m 

00 

m 

o 

VD 

i-i 

CA 

Ss 

• C 

<N 

cn 

*<r 

VD 

r««. 

00 

O 

w 

< 

in 

i 

P 

p 

i 1 * 

C/2 

s,  t 

O 

<N 

CO 

<ji 

o 

o 

m 

tH 

• 

• 

s 

• 

• 

m 

CO 

<r 

P 

00 

CN 

jfa 

^ &J 

<j\ 

CO 

p 

P 

VD 

CN 

E 

M 

w P 

o 

<r 

<T 

00 

00 

<J\ 

00 

ini 

C/2 

TJ  M 

p 

P 

P 

» !^ 

H 

1— 1 c 

1 

< 

0)  0) 

•H  ; 

<r 

00 

m 

m 

in 

p 

•• 

JH  w -H 

• 

• 

• 

• 

• 

• 

IP 

00 

CO  0) 

CO 

cn 

in 

CO 

CO 

o 

C3V 

..^i 

m 

in 

P 

P 

p 

P 

p 

1 ' 

y 

p 

CN 

CN 

p 

P 

p 

p 

^ > 

£ 

<r 

<r 

<r 

*<r 

Cv 

Xj 

q 

0 

CN 

4J 

1 

4->  CO 
(0  }-l 

St 

pZh 

0)  CJ 

o 

CN 

CN 

CN 

CN 

CN 

CN 

e 5ih 

in 

m 

in 

m 

m 

in 

IT) 

/' 

c/2 

(U  0 

'‘■j* 

•4- 

Ci2 

H 

1 

( 

? 

? 

1 

M 

H 

cd 

C 

j. 

U 

cr»  o 

. 

04 

cr»  *H 

k 

q 

CO  4J 

'■ 

Om 

W CO 

P 

p 

H 

P 

p 

H 

H 

04 

4-> 

1 

1 

1 

1 

CO 

P 0 
H QJ 

H 

H 

P 

H 

H 

P 

P 

P* 

c/2 

CO  *H 

F 

03 

< u 

C 

o 

s i ® 

P 

O 

4-> 

c 

1 ^ 

H 

d) 

3 H 

W 

+J  E 

U 

< 

< 

S W 

CO  -M 

C' 

O' 

C=u 

O' 

O' 

|i  m 

oi 

d)  cO 

H 

S 

H 

H 

H 

H 

'!  ft 

p 

C-^ 

P <U 

CO 

U 

c 

CO 

CO 

CO 

CO 

1 

U 

H 

i 

r 

/— s 

/— N 

CO 

CO 

CO 

CO 

CO 

P 

p 

I 

P 

m 

in 

in 

m 

m 

1 ® 

m 

cO 

•H 

o 

o 

o 

o 

p 

o 

p 

«<r 

< 

< 

f . 

P 

»-) 

M 

cn 

cn 

iT' 

d) 

cO 

CO 

cO 

s 

Li 

P 

4J 

E 

e 

E 

M 

M 

VD  H 

VO  S 

l.J 

« 

jO 

0 

o 

O 

CO 

CO 

CO  CO 

00  CO 

1 

t 

< 

i<^ 

M 

M 

M 

p 

CN  < 

CN  <J 

H 

<d 

< 

< ^ 

< ^ 

fi 

1? 

► * 

1* 

33 

i 

■if,. 


Cur/e  6 335 11 -A 


Temperature,  K 


Open  Points  STQ 
Closed  Points  CW 


Property 

0 • 0. 2%  Yield  Strength 
□ ■ Ultimate  Strength 


ASTM  E399 
Orientation 


Solid  Lines 
Dashed  Lines 


Open  Points  STQ 

Closed  Points  CW 

Property 

A 1 

V 

k Reduction  in  Area 
V Elongation 

Temperature,  °F 

Fig.  1-Tensile  properties  of  Kromarc  58  stainless  steel 
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Fig.  2-Tensile  properties  of  AISI  310  S stainless  steel 


Stress.  MPa 


Temperature,  °F 

Fig.  3-Tensile  properties  of  A286  stainless  steel 
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~J  resistance  curves  for  AISI  310  S stainless  steel 
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